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PLASTIC CRYSTALS: A HISTORICAL REVIEW 


PROFESSOR J. TIMMERMANS 


Sometime Professor of Physical Chemistry, Free University of Brussels 


IN THIs short historical survey, I hope to give, 
to the best of my ability, the early experimental 
evidence concerning plastic crystals, and I 
apologize in advance if there remain some im- 
portant gaps in my text, since I am a specialist in 
the study of physical properties of organic com- 
pounds, but am not so learned, either in inorganic 
chemistry or in theoretical physics. 

Some twenty-five years ago, while collecting 
data for my book: Les Constantes Physiques des 
Composés Organiques Cristallisés, I saw directly, 
when I came to the chapter on the stoichiometry 
of the heat of melting, that the molecular heat of 
fusion and freezing temperature increase in ascend- 
ing a homologous series. I tried to nullify this effect 
by dividing the values of the molecular heat by 
the absolute temperature of melting to obtain the 
molecular entropy of melting. There was, however, 
still no constancy of the melting entropy in a 
homologous series. However, some _ peculiar 
compounds, of usually relatively simple constitu- 
tion, had a very low entropy of melting. These 
compounds were “globular”, that is they were 
either symmetrical around their centre (CHa, 
CCl4, pentaerythritol, etc.); or would give a 
sphere by rotation around an axis (cyclohexane, 
camphor, etc.). All these compounds had an 
entropy of melting lower than 5e.u. (cal deg™! 
mole~!), a quantity I represent by the symbol 
o, and so far this arbitrary limit has not been ex- 
ceeded. Thus cyclohexane with o equal to 2-27, 
is globular, while methylcyclohexane with o equal 
to 11-00 is non-globular; the reason seems to be 
that in methylcyclohexane, the lateral CHs-group 
would stop the rotation. 

The comparative study of many other properties 
of organic crystals revealed that such compounds 
had many other remarkable values of their con- 
stants. Usually their melting point is relatively 


high. While n-pentane melts at — 141°C, tetra- 
methylmethane melts at —16°C. However, they 
have a transition point lower down, with a high 
value of the entropy of transition (for C(CHsg)4, 
this is at —133° with o = 4-40). 

Table 1 classifies certain organic compounds 
from this point of view as either globular (column 
1) or non-globular (column 2). 

With a high melting point goes a high saturated 
vapour pressure of the plastic crystals. The triple 
point (V+ 1+ S) may be higher than atmospheric 
pressure, so that sometimes, under ordinary 
pressure, the crystals sublime directly—as CoCl¢ 
does—instead of melting first. 

Between the melting and the transition points, 
they crystallize almost all in the cubic system, the 
system with the highest symmetry, and take 
another form below the transition points; (cyclo- 
pentane, although globular, is hexagonal). In 
some cases the transition takes place in two steps, 
as with hexachloroethane and hydrogen chloride. 
Fig. 1 illustrates this for a globular molecule 
C(CH3)4 (one transition) and a non-globular 
molecule, normal-Cs5Hj2, which has no transition 
in the crystal. 

This similarity in the symmetry of globular 
compounds explains how it is possible that sub- 
stances so different from the chemical point of 
view as methane and argon are able to give a 
continuous series of mixed crystals. It explains 
also that the two stereochemical antipodes of 
such compounds give, not a racemate, but a series 
of mixed crystals, with constant melting point, 
as has formerly been found for camphor (see 
Fig. 2). Prof. Aston will tell us more about this 
question. 

The American School of physical chemists has 
collected very numerous data on the change of 
specific heat of crystals on heating. And so one 
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finds that—in cyclopentane for example—the 
specific heat of the plastic crystals rises on lowering 
of the temperature, instead of falling as usual. 
This is shown in Fig. 3. where the heat capacity 
(Cy) of cyclopentane is plotted against the tem- 
perature. 

In some cases, as with methy] alcohol, the transi- 
tion from ordinary to plastic crystals by heating 
is preceded by a very high value of Cy just under 
the transition point as is shown in Fig. 4. 

In another direction, Smytu and his collabora- 
tors, in particular, have studied the change of 
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dielectric constant with temperature, and here 
also plastic crystals behave in a peculiar way. 
Usually when freezing, the dielectric constant of 
a substance falls markedly; but, with many plastic 
crystals the dielectric constant continues to rise on 
lowering the temperature, the curve for the plastic 
state being almost continuous with the curve for 
the liquid, and falling sharply only at the transition 
point. This is illustrated in Fig. 5 for methyl 
chloroform. 

And finally, Dr. Micuits, for his doctoral 
dissertation, has made comparative measurements 


Table 1. Classification of Molecules 


Globular compounds 


Non-globular compounds 


Inorganic Substances 


Organic Substances: Fatty Series 


CHa, CDa, CH3sD 

CeHe 

C(CHs)a 

CF4, CCla, CBra 
CCl(CHs)s, CCle(CH3)2 
CClsCHs, CClF2CHs3 
CCl(CH3)2NOe 

C(NO2)4 

C(SCHs3)4 

CeCle, CoFs6, CeFsCl 
Co(CHs3)6, CeCl(CHs3)s 
C(CH3)sCeHs, CH(CH3)eCH(CHs)e 
CH(CHs3)2C(CH3)eCeHs 
C(CH3)3C(CH3)2CeHs 
C(CHs)sCH(CHs)CH(CHs)e 
C(CH3)sCH = CHe 
CHsCH = CHCH = CHCHs 
CHs0H, CH3s0D 
(CHs3)s3COH, (CHs)sCSH 
CHsCH(OH)e 
(CH3)2Ce2HsCOH 
C(CH3)sCOeH, CClsCO2sH 
CC1s3Ce6Hs 

(CNCHo2)e2 


CoHs 

CH = CH 
C(CeHs)a 
CHeCle 
CHCls 
CClHs3 
CCleHCHeCl 
CH(NOd2)s 
C(SCeHs)a 
CeHCls 


C(CH3)sCH(CHs3)CeHs 


CHsCHeCH = CHCHeCHs 


C2H5s0H 


CH(CH3)2CH2CO2eH 
CHeCilCOesH 
CHeClCe6Hs 


Malonitrile, Glutaronitrile. 
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Table 1 (continued) 


Non-globular compounds 


Heterocyclics 


Azocyclohexane Piperidine 
Endomethylene piperazine Piperazine 
Tropinone Thiophene 
Camphor anhydride Cineol 
Tetrahydrofurane Furane 
Thiocyclohexane Dioxane 





CycLic SERIES 


Polymethylenes 


In C4: Perfluorcyclobutane Cyclobutanone 

In C5: 1,1 and 1,2-cis-Dimethylcyclopentane Methylcyclopentane, 1,3 and 1,2-trans 
1,1,2-trans-Trimethylcyclopentane Dimethylcyclopentane 
Cyclopentanol, Cyclopentadienol Cyclopentene, Cyclopentanone, 
Cyclopentyl chloride, Perfluorcyclopentane Cyclopentylamine, Cyclopentylnitrile, 

Cyclopentanone, Methylcyclopentanol 

In Cg: Cyclohexane, Cyclohexylchloride Methylcyclohexane, 1,3, 1,4 and 1,2- 
Cyclohexanol, Cyclohexanone, trans-Dimethylcyclohexane 
«-Hexachlorcyclohexane, Cyclohexene B-Hexachlorcyclohexane, Cyclohexylamine 
1,3-Cyclohexadiene, 1,4-Cyclohexadione Cyclohexanoxime 
Cyclohexylfluoroform, 1,1 and 1,2-cis Menthane 
Dimethylcyclohexane 

In Cg and Cg: Ketone 





Condensed Cyclics 


Decahydronaphthalene Tricyclopentadiene 
Dicyclopentadiene 

Dihydro and tetrahydrodicyclopentadiene- « 

: Alcohol, Ketone, Oxide and Bioxide 

Tetrahydrohydrindane 


Bridged Cyclics 


Endomethylenecyclohexane, Camphene Fenchane : Alcohol and Ketone 
Camphenilane, Isocamphane, Camphenilone 

Norcamphor, Norpinane, Pinane, Tricyclene 

Endoethylenecyclohexane 


Camphor Group 


Camphane, Isobornylane, Bornylene, Borny] 3-Camphor : Chloride, Bromide, Sulfone, 
and Isobornyl chloride, 2,6 and 2,10 Sulfonamide, Sulfoxide, and Sulfochloride 
Dichlorcamphane, Borneol and Isoborneol, 

Bornylamine, Camphor, Thiocamphor, 2,3- 

Camphanedione, 3-Cyanocamphor, 

Camphoroxime and Camphorquinone. 
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Fic. 1. Phases for neopentane (globular) compared with those for normal 
pentane (non-globular). 
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Fic. 2. Freezing-point-composition diagram for solid Fic. 3. Heat capacity-temperature curve for cyclo- 


solutions of D- and L- camphoroxime. pentane (a globular molecule). 
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Heat capacity-temperature curve for methy] 
alcohol (a globular molecule) 


Fic. 4. 


of the plasticity of these unusual substances, a 
few degrees higher and lower than their transition 
point, and has found that, for example with C2Cle, 
they flow through a hole under a pressure which is 
more than ten times smaller in the plastic state 
than below the transition temperature. 

Examples are given in Table 2 for the substances 
shown in column 1 along with entropy of fusion 
shown in column 2. The third and fourth columns 
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give, respectively, the crystal form for the crystals 
stable above (I) and below (II) the transition. 
The fifth and sixth columns give the pressure to 
produce flow through a hole of forms I and II 
respectively. The example of 1,4-dichlorobenzene 
is of a case where evidently the form above the 
transition is not a plastic crystal as indicated by the 
high entropy of fusion, 13-4 e.u. In this case there 
is little difference between the two pressures. In 
all cases, where the entropy of fusion is lower than 
5 e.u, the form stable above the transition flows 
at a pressure at most one half of that required for 
the form stable below. 

Later on, I did find that formerly a few authors 
had observed some of the characteristics of plastic 
crystals, without realizing the importance of the 
subject, or at least in considering them as very 
special phenomena. 

BRUNI and his co-workers have measured the 
molecular lowering of the freezing point of 
cyclohexane as a solvent, and I remember how 
struck we were, both my colleague at Brussels 
the late Professor CHAVANNE, and myself, when a 
student prepared pure cyclohexane from benzene, 
by the catalytic method of hydrogenation of 
Sabatier, and confirmed Brunt’s high value of the 
molecular lowering of the freezing point. Some 








Dielectric 


-25 


constant—temperature 


degrees 


curve for methyl chloroform 


(a globular molecule). 
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Table 2. Comparison of flow properties of plastic and non-plastic crystals. 


Substance 
cal 


deg~! mole~! 


CBra4 

CoCle 

Co(CHs3)6 
Camphor-pD 
Borneol-p 
Camphor anhydrid« 
Camphoroxime 
p-Bromcamphor- « 
Fenchylic alc. D 
Naphthalene 
Hexamethylbenzene 
1-4-Dichlorbenzene 
Dotriacontane 


tho 
Wn wus] & hw bh BS LO 


BU a ee 


Stearic acid 


years later, camphor was also used as a solvent 
by organic chemists, because the high value of that 
lowering has made possible the measurement of 
molecular weights with ordinary thermometers. 

During the thirties, PAULING and later BERNAL 


explained some anomalies of ammonium salts by 


making the assumption of rotation of the molecules 


inside the crystal. 

Our colleague PirscH, some 25 years ago, in a 
systematic survey of cyclic polymethylenes and 
their derivatives has discovered many other com- 
pounds of the plastic crystals series. 

And just before the war, some of our Japanese 
colleagues had begun the study of this same kind 
of crystals by electronic microscopy, the last paper 
of this group of research workers being that of 
Professor Nitta, of Osaka: they found by this 
method that in the plastic state crystals give 
diagrams similar to those of liquids and not to 
those of real crystals. 

And finally, a few years ago, my collaborator 
Dr. ‘TRAPPENIERS, who is now Professor of Physical 
Chemistry in Gréningen (Netherlands), made a 
very interesting contribution to the problem, in 
combining the views of my colleague at Brussels, 
Professor PRIGOGINE, with my own notions about 
plastic crystals. Accepting the freezing diagram, 
under high pressure, of BRIDGMAN for CClq as 
standard, he applied the idea of corresponding 
states to the similar diagram for CBrq, taking 


Crystall. form 


I 


Cubic 
Cubic 
Cubic 
Cubic 


Cubic 


Monocl. 
Triclin. 
Monocl. I 
Orthor. 
Monocl. 


Crystall. form P, Kg/cm? 


Il — 
Form I | 


Form II 
1,500 
3,600 

454 
864 
1,500 
1,940 


247 
about 250 


Monocl. 
Triclin. 

247 
240 
760 


Rhomb. 
Orthor. 


1,960 

650 
2,240 
2,800 

740 
1,200 
1,120 


Monocl. 


Monocl. II 


Monocl. 


their triple points as corresponding states: I had 
myself compared these two diagrams of BRIDGMAN 
many times, thinking that it was impossible that 
two such isomorphous compounds would not be 
similar also under high pressure, but without 
avail. With his theory, TRAPPENIERS found that in 
the diagram of BRIDGMAN there was a gap, in which 
there was a transition curve that this author was 
unable to detect fifty years ago because the 
difference of volume of the two phases was too 
small. ‘TRAPPENIERS was able to detect it, almost 
exactly in the region where it was expected, by 
using a sensitive method of piezometric analysis 
developed in my own laboratory. The phase dia- 
grams for CCl, and CBr4 are compared in Fig. 6. 
This is, to my knowledge, the first time that the 
theory of corresponding states has been quantita- 
tively applied, with success, to crystals. 

In considering this large domain, I think that 
we are able to make certain general conclusions. 
The phenomenon of melting is not very easy to 
understand because our theoretical knowledge of 
the inner state of liquids is much more superficial 
than for crystals and gases. At the end of the last 
century, the discovery of liquid crystals had 
proved that the melting process is a superposition 
of two different effects, although both result 
from the thermal movements of molecules. When 
the temperature is high enough, the thermal 
energy becomes so great that the crystal boundaries 
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6. Temperature—-pressure equilibrium diagrams 


for CCl4 and CBra. 


Fic. 7. Phases for systems giving: I. crystal, santos 
anisotropic liquid and isotropic liquid; II. crystal 
and liquid; III. anisotropic crystal, isotropic 
crystal and liquid (C = crystal; ZL = liquid). 
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are broken and the substance liquefies; if there is 
room, the free molecules then begin to turn in all 
directions, giving an isotropic liquid, as usual. 
The compounds which give anisotropic liquids 
are generally very long molecules which, because 
of double bonds, are unable to bend, having the 
shape of a string, and which need much space to 


rotate freely. Therefore, some directions in the 
liquids are privileged and it remains anisotropic, 
till the higher transition point where, by expansion, 
it becomes isotropic. 

In the plastic crystals, on the contrary, the 


freedom to rotate exists already in the crystal 
state, because they are globular in shape, but the 
coherence of the crystal is broken only at a higher 
temperature, the melting point. In the two cases, 
the liquefaction and the isotropy do not happen at 
the same temperature. In liquid crystals, by 
heating, the fluidity comes first, but in plastic 
crystals, the isotropy comes first. This is illustrated 
in Fig. 7. They are complementary from this point 
of view, as I pointed out, in my first paper on 
the subject, in forging the nomenclature of the 
globular compounds, or plastic crystals. 
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NUCLEAR MAGNETIC RESONANCE IN SOLIDS 
CONTAINING SMALL MOLECULES 


E. R. ANDREW 


Department of Physics, University College of North Wales, Bangor, Caernarvonshire 


Abstract—The reorientation and diffusion of molecules in the solid state may be revealed through 
the narrowing which they cause of the nuclear magnetic resonance spectrum. It is shown in outline 
how the nature of the motion can be determined and how, through measurements of the spin- 
lattice relaxation time, the kinetics of the motion may be investigated. Examples are given of 
rotational motion in solids containing small molecules. The effect of macroscopic rotation of a 
crystal is also described. A table is given of organic molecular solids in which self-diffusion has been 
established by nuclear magnetic resonance work. All have at least one phase transition in the solid 
state: for most of them the entropy of transition is much greater than the entropy of melting. All 
are compact, globular molecules and show considerable rotational freedom in the solid state 


OVER THE past twelve years nuclear magnetic 
resonance has proved to be a valuable tool in 
studying the motion of atoms and molecules in 
the solid state. Briefly summarized, the main 
information that is obtained is as follows: 

(a) It is possible to tell whether a molecule or 
group is performing a rotational motion. The rota- 
tion is often not free, but consists rather in the 
reorientation of the molecule or group between a 
number of equilibrium positions. ‘The method is 


sensitive; the threshold frequency for detection of 


the motion is usually a few kc/s. The method can 
be applied to both polar and non-polar molecules. 
(b) The nature of the rotational motion can 
usually be established. One can determine whether 
the whole molecule reorients or only a part of it, 
and whether the motion is about one axis or is 


more general. 


(c) The temperature-dependence of the rate of 


the motion can generally be determined. 

(d) The diffusion of atoms, ions and molecules 
can be detected, and in favourable cases the rate 
of migration and its temperature dependence may 
be determined. 


This knowledge is extracted from two pieces of 


experimental information, namely the nuclear 
magnetic resonance spectrum and the nuclear 
spin-lattice relaxation time. A full investigation 
of any solid will embrace measurements of both 
over as wide a range of temperature as possible. 


The temperature-dependence of the spectrum 
frequently suffices to establish the existence and 
nature of the motion; the kinetics of the motion 
are determined from the spin-lattice relaxation 
time. 

It is well-known that the nuclear magnetic 
resonance spectrum of a solid is usually much 
broader than that of a liquid. For a solid the 
spectral breadth is generally of the order 10° c/s 
(or of the order of one gauss in terms of field 
strength) whereas for a liquid the breadth may be 
only one c/s or so wide (or one milligauss or so in 
terms of field strength). Although there are many 
sources of spectral broadening in solids the 
mechanism which predominates in most of our 
examples is the magnetic dipolar interaction be- 
tween the nuclei. Molecular motion modifies and 
in general reduces the average dipolar interaction, 
causing a narrowing of the observed spectrum; 
observation of spectral narrowing thus serves to 
indicate the existence of the motion. 

A simple example is provided") by 1,2-dichloro- 
ethane, for in this material the protons occur tn 
fairly well-separated pairs. Consider one pair of 
protons, whose internuclear vector r is inclined at 
an angle 6 to the applied field Ho. Using a classical 
argument, one nuclear dipole . would subject its 
neighbour to a local magnetic field whose com- 
ponent parallel to Ho is pr~? (3 cos?6—1). If the 
dipole can take up either of two orientations parallel 
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and antiparallel to Ho, we might expect that a single 
crystal containing many similarly-oriented pairs 
would have a spectrum consisting of two lines; 
when measured with fixed frequency these lines 
would be found at Ho + pr-* (3 cos?@—1). This 
simple argument does give the right form of the 


spectrum and the correct angular dependence, 


though a perturbation calculation, carried out by 
Pak”), provides a factor 3 in the separation of 
the doublet. The angular factor plays an important 
role in our discussion, and it is therefore worth 
seeing that it does in fact arise from a proper 
calculation. 

The dipolar interaction between each pair of 
protons has the form 

H , = pr [o(1) - o(2) —3(0(1) - p)(o(2) - p)], 

(1) 

where p is a unit vector along r, and o(1) and a(2) 
are the two nuclear spin operators. Expanding 
the scalar products in (1), and omitting terms which 
are not diagonal in the Zeeman representation we 


) 


cy Sia 
WM * = hy7r-3(3 cos*@ —1)[a(1) - o(2)— 
—3o,(1)c2(2)]. (2) 


Taking triplet spin functions the three perturbed 


energy eigenvalues are 


Em = 


—2mpHo + p*r-%(3 cos*é —1)(2 —3m?), 


Transitions between adjacent levels thus lead to the 
two resonance lines given by 


hy = 2w[Ho + Sur-3(3 cos’0—1)]. (4) 


Doublets of this form were observed by PakE®) 
in single crystal hydrates. If a polycrystalline 
specimen is used the observed spectrum is the 
sum of the doublets from crystallites of all orienta- 
tions, whose separations range from zero to 3ur-%, 
The spectrum of 1,2-dichloroethane at 90°K was 
thus found by GuTowsky and Pake") to be a 
broad double-humped curve, the separation be- 
tween the peaks being 12 G or approximately 
3ur-*, Between 160° and 180°K the spectrum was 
found to narrow to half this width, though retaining 
the same shape. Little change occurred on further 
heating until the melting point was reached, when 


the very narrow spectrum, characteristic of liquids, 
was observed. 

The halving of the spectral width in the vicinity 
of 170°K is ascribed to reorientation of each mole- 
cule about its axis of least moment of inertia, which 
is normal to both proton-pair directions. The 
angle @ is now a function of time, and using the 
geometry of Fig. 1 we may write 


(3 cos?@—1) = —4(3 cos*a—1)+ 


+ 3 sin?« cos 26(t). (5) 


When the rotational motion is sufficiently rapid 
the mean dipolar interaction must be considered. 


Fic. 1. Diagram illustrating the rotation of a pair of 
nuclei A and B about an axis AP normal to the line 
joining them. The applied magnetic field Ho makes an 
angle « with the axis of rotation. (Reproduced from the 
article by ANDREW E. R. and Newinc R. A., Proc. Phys. 
Soc. Lond. 72, 959 (1958), by kind permission of the 
Institute of Physics and the Physical Society). 


If the reorientation has at least 3-fold symmetry 
the mean value of (3 cos?@—1) is given by the first 
term on the right in (5), since the mean of the 
second term is zero. ‘The mean interaction is 
therefore obtained by replacing (3 cos?@—1) in 
(2) by —4 (3 cos?«—1). The spectrum for similarly 
oriented pairs is therefore a doublet given by 


hy = 2u[Ho — 3 ur 3(3 cos’« —1)]. (6) 


The angular dependence is the same as for the 
static pairs; the spectrum for polycrystalline mater- 
ial containing rotating molecules should, in agree- 
ment with observation, have the same shape but 
half the width of that for polycrystalline material 
containing static molecules. In 1,2-dichloroethane 
the axis of reorientation is not an axis of symmetry, 
but the approximate halving of spectral width 
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suggests that the rotational motion is nevertheless 
fairly symmetrical about the axis. 

If the axis of rotation is not normal to the 
internuclear vector but is inclined at an angle 
y with respect to it, then expression corresponding 
to (5) is 

(3 cos?@—1) = $(3 cos?a—1)(3 cos?y—1)+ 

+ 3 sin 2% sin 2y cos 6 (t) 
+ $ sin?« sin?y cos 26 (t). (7) 
The mean value is given by the first term on the 
right; the factor by which the spectral width is 


Second moment (gauss’) 





where the sum is taken over all neighbours of a 
representative nucleus; this expression clearly 
gives the right answer for the doublet spectrum of 
pairs of nuclei given by (4). With polycrystalline 
material the angular term in (8) must be replaced 
by its isotropic average, giving 

Ss = 9 4" > tn“. (9) 

n 

Such sums converge rapidly and may be readily 
calculated; comparison between theoretical and 
experimental values of S can yield useful structural 
information. When molecules are reorienting it 
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Fic. 2. Variation with temperature of the second moment of the 

recorded proton magnetic resonance spectrum for polycrystalline 

benzene.(*) As explained in the text only the horizontal portions 

of the graph below 90°K and above 120°K have quantitative signifi- 

cance. (Reproduced from Nuclear Magnetic Resonance by E. R. 

ANDREW, Cambridge University Press, p. 171, by kind permission 
of the publishers). 


reduced is therefore $|3 cos*y—1| for polycrystal- 
line material. 

When the molecule contains more than two 
interacting nuclei the part of the Hamiltonian 
expressing the dipolar interactions is the sum of 
terms such as (1) or (2) from each pair in the system. 
The perturbation problem has been solved for 
systems of three and four nuclei but becomes 
difficult for larger systems. In these situations 
VaN VLECK’s®) classic calculation by a diagonal 
sum method of the mean square width and other 
even moments of the spectrum is of great value. 
The mean square width (second moment) for 
material containing only one magnetic species of 
nucleus is given by 


5s= 2? 


j (3 cos?@, —1)?7n-6, (3) 
U 


would appear therefore that we should replace 
every factor (3 cos?@, —1) in (8) by its mean using 
(7); thus for polycrystalline material every term 
in the sum in (9) is to be multiplied by its reduction 
factor [4(3 cos?y,—1)]?. The procedure works 
well, and the correctness of any postulated motion 
may be tested by comparing the calculated re- 
duced second moment with that found ex- 
perimentally. 

Benzene provides a good example. In the solid 
state each molecule is found") to reorient about its 
hexad axis, which is normal to all intra-molecular 
proton pair directions. The second moment should 
therefore be reduced by a factor 1/4. ‘The observed 
reduction (Fig. 2) is somewhat greater, and the 
slight discrepancy is accounted for by consideration 
ofthe intermolecular contributions to the sum in(9). 
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The more general the motion, the smaller is 
the average of (3 cos?@—1), and the narrower does 
the resonance spectrum become. Some materials 
exhibit well-defined successive drops in linewidth 
and second moment. One example is solid cyclo- 
hexane) (Fig. 3). The first fall in second moment 
between 150° and 175°K is quantitatively account- 
ed for by reorientation of the cyclohexane mole- 
about their triad The second fall 


cules axes. 
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hand while the entropy of melting of benzene is 
8-6e.u., that of cyclohexane is only 2-2 e.u. 
though its entropy of transition is 8-6 e.u. Similarly 


the increase in molar volume of benzene on 


melting is 14 per cent while for cyclohexane it is 
only 5 per cent, though the increase at the transi- 
tion is 8 per cent. While the lower phase of solid 
cyclohexane is comparable with that of solid 
benzene, there is clearly much greater molecular 








140 180 


temperature (° K) 


3. Variation with temperature of the line width and the second moment of the 


proton magnetic resonance absorption spectrum for polycrystalline cyclohexane.) 


(Reproduced from Nuclear Magnetic Resonance by E. R. 
172, by kind permission of the publishers). 


University Press, p. 


accompanying the first-order phase change at 186°K 
is caused by an almost isotropic reorientation of 
the molecules. The isotropic average of (3 cos?@—1) 
is zero, and therefore the contribution of intra- 
molecular pairs to the sums in (8) and (9) becomes 
very small; the relative motion of protons in 
different molecules is not isotropic however, and 
these residual intermolecular interactions account 
for the second moment of 1-4 G? just above 186°K. 
Above 220°K, and still well below the melting 
point, even this contribution disappears. ‘This 
implies an isotropic relative motion of protons in 
different molecules, and that self- 
diffusion of the molecules is taking place. 

A comparison of the behaviour of benzene and 
cyclohexane is of some interest since they are both 
non-polar hydrocarbons of similar molecular 
weight and, within a degree, have the same 
melting points and boiling points. On the other 


indicates 
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freedom in the upper phase, and this is doubtless 
associated with the more globular shape of the 
molecules. 

Some more recent examples of three successive 
reductions in spectral width are provided by 
hexamethyldisilane®’, 2,2- and 2,3-dimethyl- 
butane) (Fig. 4). Although in these and many 
other solids phase transitions with considerable 
entropy release reflect the considerable freedom 
of the molecules, it is worth noting that in others, 
as for example benzene, nuclear magnetic re- 
sonance has molecular reorientation 
without there being any such obvious thermal 
indication. 

The procedure for calculating the motionally- 
reduced second moment needs some justification, 
since it has been argued'8) on theoretical grounds 
that the second moment should remain invariant. 
Our procedure was to replace the factor 


detected 
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Fic. 4. Variation with temperature of the second moment 
of the proton magnetic resonance absorption spectrum 
for polycrystalline 2,2-dimethylbutane.‘?) 


(3 cos?@—1) in the perturbation Hamiltonian (2) 
by its average value given by the first term in (7), 
omitting the time-dependent terms whose mean 
is zero. It is the omission of these time-dependent 
terms which leads to the apparent discrepancy. If 
the rotation were uniform we could replace 64(t) 
by w,t in (7), where w, is the angular velocity 
of rotation. These terms now provide a periodic 
perturbation which endows the resonance spectrum 
with sidebands set at frequencies mw;, where n 
is any integer, on either side of the central 
spectrum. The analysis of this problem is formally 
similar to that in which the main field is modulated, 
a perturbation which also generates sidebands; 
the perturbation may be regarded as frequency- 
modulating the Larmor frequency. When these 
sidebands are included, the second moment does 
indeed remain invariant), 

These sidebands were revealed by experiments 
which we carried out recently, The *%Na 
resonance was observed in a crystal of sodium 
chloride which was rotated macroscopically at 
high speed. All nuclear pairs rotate at the same 


B 


uniform speed. If in particular we choose «, the 
angle between the axis of rotation and the applied 
field, to be cos~1(1//3) or 54°44’, then equation 
(7) shows that the mean value of (3 cos?@—1) is 
zero at high speed just as in the case of isotropic 
reorientation. In Fig. 5 are shown derivative re- 
cordings for the static crystal, and for the crystal 
rotated at 810c/s. In the latter case a narrow 
central line is obtained flanked by sidebands, the 
first three of which are visible on either side. 
When the sidebands are included, the second 
moments of both spectra are the same. As the 
speed of rotation is increased the sidebands move 
out and their intensity falls approximately as 
wy * in order to preserve their contribution to the 
second moment; at very high speeds they become 
unobservably weak and we are just left with the 
narrowed central line. The experiment confirms 
quite clearly the theoretical criterion that a 
spectrum is narrowed when the rate of motion 
is of the order of the spectral width, in practice 
of order 10% c/s. 

When molecules reorient within a solid the 
rotation is not uniform but has a random character 
expressible as a Fourier distribution of rotational 
frequencies up to frequencies of order 1/7~, where 
tT. is the correlation time of the random motion. 














Fic. 5. The upper curve is the derivative spectrum for 
23Na in a crystal of sodium chloride rotated at 810 c/s 
about an axis making an angle 54°44’ with the direction 
of the applied field. The lower curve is the derivative 
spectrum for the static crystal. The marks are 790 c/s 
apart. (Reproduced from the article by ANDREW E. R., 
BrapBury A. and Eaves R. G., Nature, Lond. 183, 1802 
(1959) by kind permission of the editors). 
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The sidebands are therefore thinly distributed 
over a range of frequencies, and if 1/7¢ greatly 
exceeds the linewidth the sidebands are unob- 
servably weak. Though their inclusion would 
render the second moment independent of the 
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to calculate the temperature-dependence of 7¢ 
from this falling portion are therefore fraught 
with considerable uncertainty. 

The best way of obtaining the temperature- 
dependence of 7;¢ is through measurement of the 
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Curve 1, CeHe; 


Plot of logiote against 1/T for polycrystalline benzene 
curve 2, Ce6Hs5D; curve 3, 


1,3,5-CeH3Ds; from 


the slopes of the straight lines the barrier heights were all found 


to be 


3:7 + 0:2 kcal/mole.) (Reproduced from Nuclear Mag- 


netic Resonance by E. R. ANDREW, Cambridge University Press, 
p. 179, by kind permission of the publishers). 


rate of motion, in practice only the narrowed 
central portion of the spectrum is recorded. It 
must therefore be noted that in diagrams such as 
Figs. 2, 3 and 4 only the horizontal portions, re- 
presenting rigid or reduced moments 
are significant; the second moment in the falling 
portions in which spectral narrowing is actually 
taking place are dependent on the sensitivity of 
the apparatus, since this determines the ability of 
the apparatus to record the sidebands as they 
disappear in the wings of the spectrum. Attempts 


second 


temperature-dependence of the nuclears pin— 
lattice relaxation time 7). The fluctuating inter- 
action caused by molecular motion effects transi- 
tion through the non-diagonal terms in #1, and 
attempts to restore thermal equilibrium between 
the spin system and the lattice. At temperatures 
for which 1/7; is of the same order as the resonance 
frequency this interaction is particularly effective 
and 7} is shortest; at either higher or lower tem- 
peratures 7; is longer. From the theoretical de- 
pendence of 7; on 7~, measurements of the tem- 
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perature-dependence of 7; can be converted to give 
the temperature-dependence of 7,. Often a plot of 
log 7¢ against the reciprocal of temperature gives 
a straight line (for example benzene, Fig. 6) 
enabling an activation energy to be determined for 
the reorientation. 

When one seeks to summarize the 
magnetic resonance information for small mole- 
cules one is struck by the dearth of accurate data 
for many of the smallest. Several investigations 
have been made of solid hydrogen “!~!16 and some 


nuclear 


Table 1. Organic molecular 


n.m.r. 
reference 


Compound 


K 


methane 
neopentane 
2,2-dimethylbutane 


2,3-dimethylbutane 
cyclopentane 


to 


cyclopentene 
cyclohexane 
cyclohexanol 
methyl alcohol 
hexafluoroethane 
methyl chloroform 
2,2-dichloropropane 
t-butyl chloride 


bt bo 
Nuun 


bt Dd bo 
= Oe 


~~ 
— 


t-butyl bromide 


hexamethyldisilane 


attention has been paid to methane“?-18); both 


exhibit considerable rotational freedom in the 
solid state and also provide examples of self- 
diffusion. ‘The hydrogen halides, H2S and HeSe 
were examined in the solid state by ALPERT 9) 
twelve years ago and showed clear evidence of 
motional narrowing; a re-examination of these 
materials would probably now be worthwhile. 
Solid ammonia, ethane, ethylene and disilane 
have not been examined systematically and many 
related compounds not at all, probably because the 
interesting region of temperature for many of 
these materials lies between 40° and 100°K. Of 
those small molecules, particularly non-polar 
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melting 
point, 
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molecules, which have been examined it may be 
generalized that if there is some symmetry or 
roughly globular shape without protruding side 
groups, then some form of restricted rotation is 
usually observed. Methyl groups in particular are 
usually found to exhibit reorientation about their 
three-fold axes. Where almost isotropic rotational 
motion is found, self-diffusion is frequently found 
also’), The table lists organic molecular solids 
which have been found by the nuclear magnetic 
resonance method to exhibit self-diffusion. All 


solids exhibiting self-diffusion. 


entropy 
transition, 


transition entropy 
point, melting, 
“i. 2.U. e.u. 


> > 
+ 


un aS un to 


Wa 


have one or more phase-transitions, and the 


entropy of transition is often much greater than 
that of melting. The molecules are all rather com- 
pact and more or less globular in shape. 
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NUCLEAR RESONANCE EFFECTS IN SOME MOLECULAR 
CRYSTALS HAVING THERMAL TRANSITIONS IN THE 
SOLID STATE 


J. G. POWLES 


Physics Department, Queen Mary College, University of London 


I sHOULD like to discuss the relaxation of nuclear 
magnetism in some molecular crystals having 
thermal transitions. The reader is referred to a 
recent review") and the previous paper (E. R. 
ANpREW, this Conference) for a more general 
discussion of the effects of molecular motion in 
magnetic resonance. 

The thermal transitions under discussion and 
the corresponding solid state phases have been 
studied in a variety of ways and are more common 
in molecular crystals than might generally be 
supposed (see Ref. (2) and J. ‘TIMMERMANS, this 
Conference). The method of measurement most 
directly comparable to nuclear magnetic resonance 
(n.m.r.) is that of dielectric polarization. I illustrate 
this with reference to a series of tetrasubstituted 
methanes for which fairly extensive n.m.r. 
measurements®,4) and dielectric 
are available.©-8) Fig. 1 shows the values of the 
proton resonance line width (5H) and spin-lattice 
relaxation time (7;)4 for methyl chloroform. The 
line narrowing centred at about — 130°C is due to 
methyl group C3 reorientation. The manner of 
the reorientation of the CHg group has received 
considerable attention8.29.4) but will not be 
discussed here. The line narrowing at —70°C 
may be connected with an additional motion such 
as that of —CCleCHg3 becoming effective. (t.p.) 
is a weak and rather doubtful thermal A point 
and little effect on 5H is observed nor on 7; 
except that it seems difficult to preserve the high 
temperature phase below it (Fig. 1, upper 7; 
curve). At t.p., an important A point occurs and 
there is a considerable change in both 6H and 7}. 
This is also the temperature at which the dielectric 
constant rises and so the whole molecule no doubt 
becomes free to reorient at a considerable rate 


measurements 


17 


here. The rate of molecular reorientations must 
be much greater than about 104 c/s and must be 
about more than one axis. It is also necessary for 
the jump rate controlling self diffusion to be 
greater than a critical value, possibly about 10? c/s 





sec at 2C Mc/s 
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Fic. 1. 


The 7; data suggest that the rate of mole- 
cular reorientation jumps abruptly from a value 
below about 10? c/s to a value above. An interesting 


here. 


speculation arising from the 7) behaviour in the 
supercooled high temperature solid phase is that 


it “knows” it is supercooled since the 7}(7) 
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behaviour is different from that in the stable tem- 
perature range. No n.m.r. measurements have been 
made in the liquid but the dielectric measure- 
ments '8) suggest that the change in thermal motion 
may not be large. A study of the effect of melting 
in these crystals by n.m.r. should be relatively 
easy and they will probably confirm that the 
melting is a relatively insignificant process as far 
as molecular reorientation is concerned. Informa- 
tion about the motion of the —-C—Cl bonds can 
be obtained from the chlorine quadrupole mag- 
resonance this the resonant 
frequency. Reorientation of C—Cl by large 
angles should cause the resonance to “fade out”’ 
—100°C in methyl 
the 


netic since affects 


as indeed it does at about 
chloroform'8). Valuable information 
same motion is also obtainable from measurements 
of the quadrupole 7; and 72 by the transient 
method®), In fact the 72 shows an appreciable 
fall around —125°C possibly indicating C—Cl 


about 


reorientation but at what rate is difficult to say), 
In the polar tetrasubstituted methanes which have 
been measured there is a considerable change in 
both 5H and 7) at the transition for which the 
dielectric constant rises. On the other hand at an 
important thermal transition where there is no 


apparent change in dielectric properties there is 
no change in 5H or 7} e.g. in t-butyl chloride. It 
is interesting to compare t-butyl chloride and 
t-butyl bromide. In the bromide 6H falls (and 
€9 rises) at the lower of the two transitions in the 
solid state and in the chloride this happens at the 


upper transition, the lower one having no effect on 


5H® and causing no discontinuity in 7}*. In 
neopentane (Fig. 2) the thermal transition does not 
affect 5H but causes a discontinuous rise in 7}. 
This is understandable because 5H and 7} are 
sensitive to very different rates of motion. If we 
assume that the rate of molecular reorientation 
is greater than about 107 c/s below the transition 
(since 7)(7') has positive slope) then the motion 
is already completely effective in narrowing 6H, 
in this case to a comparatively large intermolecular 
value of one gauss. At the thermal transition a 
sudden increase in rate of motion, by a factor 
possibly of about 10? raises the value of 7) but 
still, of course does not affect 5H. At sufficiently 
higher temperature the self diffusion becomes 
effective in reducing 5H and then this slow 
(< vr) motion reduces 7}. 














50 
Tempercture, 
Fic. 2. 


Some solid state transitions in solutions have 
also been detected by n.m.r.) 

In methyl alcohol?) (Fig. 3) the A point results 
in a discontinuity in 7; but the melting point has 
no apparent effect showing the relative insignific- 
ance of melting in determining the n.m.r. para- 
meters in this crystal. 

Relatively few molecules with phase transitions 
in the solid have been investigated. We exclude 
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hydrogen and methane since the reorientation 
processes here are probably rather different in 
nature. An important group, the hydrogen halides, 
were studied some time ago") and these measure- 
ments would bear repeating with the improved 
techniques available now. There is a discontinuous 
fall in 5H at the sharp transition in HCI but not 
to so low a value as might have been expected 
from the dielectric properties"), Similarly in 
HBr the important A point at — 184°C, where there 
is known to be a considerable change in dielectric 
correlation frequency 5:16), seems to have little 
effect on 5H as do the other two transitions. 
Similarly for HI. 

The n.m.r. effects of the thermal transitions in 
cyclopentane’), cyclopentene !8), cyclohexane) 
and cyclohexene °) have been investigated. Some 
peculiar effects have been found in cyclic dimethy] 
siloxanes, 9) 

If we pass to long molecules the situation may 
possibly be expected to be simpler since one 
imagines that such molecules reorient most easily 
about one axis only, that of the chain, although 
the actual motion is undoubtedly more complex. 
In some long chain paraffins there is a phase 
transition in the solid?) at which a limited line 
narrowing occurs e.g. in n-octacosane and 
dicetyl®!), A simple explanation in terms of re- 
orientation of some or all of the molecules about 
their long axes does not work too well!:22), How- 
ever these materials are difficult in that the upper 
phase only exists in a small temperature interval, 
there is the possibility of various crystalline 
forms®3) and small traces of impurity molecules 
can have important effects, particularly in n.m.r. 

When we pass to really long molecules the 
difficulties multiply because we do not have 100 
per cent crystallinity and generally speaking it is 
more difficult to observe the n.m.r. signal from the 
crystalline regions than from the amorphous ones. 
We must also of course take care to distinguish 
clearly real thermal transitions from glass transi- 
tions and so forth which are presumably related 
to the amorphous regions. Even the concept of 
melting in the crystalline part of a polymer needs 
care. There seems to be only one polymer which 
has thermal transitions, polytetrafluoroethylene 
(PTFE) and these occur at 20°C and 30°C), 
It seems likely that these have no effect on 5H'9,26) 
although the difficulties mentioned above are 
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predominant. In most polymers the crystalline 
melting occurs over a range of temperatures. 
However in polydimethy] siloxanes the tempera- 
ture range is quite narrow and then the “melting” 
has a considerable effect on 5H (or T2)@7), Ty, 
in the crystalline phase has not been measured. 
Other linear polymers such as polymethylene melt 
sharply but the crystal melting region has not been 
investigated in detail. 

In ammonium bromide the important A point 
is reported to have no effect on either 5H or 
7,2) and hardly affects 5H in the chloride and 
iodide 1,32) but we shall not discuss this and other 
examples in ionic crystals having solid state 
transitions. 

The present need in this field is for a knowledge 
of both 7; and 7> in all the phases in the solid as 
well as the liquid state and preferably 7} for 
various resonant frequencies. This information 
is most helpful for protons, when there are some 
in the molecule, but should really include n.m.r. 
data for all the magnetic nuclei since they interact 


together to a greater or lesser extent. When a 
nucleus such as chlorine occurs its nuclear electric 
quadrupole relaxation is also of direct interest as 


already mentioned for methyl chloroform. In 
due course no doubt more complex n.m.r. measure- 


ments such as rotary saturation and double 
resonance will be valuable. 

It should be mentioned that there is at least one 
instance of a new phase in a molecular crystal 
being discovered by nuclear quadrupole re- 
sonance9), Nuclear resonance may well prove 


valuable in the same way. 
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CRYSTALLOGRAPHIC STUDIES OF PLASTIC CRYSTALS 


W. J. DUNNING 


Department of Physical and Inorganic Chemistry, University of Bristol 


INTRODUCTION 

IN THE study of crystal structure by 
diffraction methods, it was recognized very early 
that crystals are not ideally perfect. First there 
are the static imperfections, one dimensional, two 
dimensional and three dimensional, exemplified by 
point defects such as impurities and vacancies, by 
edge and spiral dislocations, and by stacking 
faults. Secondly, there are the imperfections which 
may be conceived as the loss of order in an ideal 
perfect crystal. HERRMANN and KRUMMACHER") in 
1932 postulated that there were nineteen ways 
in which order could be lost and they characterized 
the kind of diffraction pattern which would result 
from every degree of order; as order is lost sharp 
diffraction maxima degenerate into streaks, patches 
and three dimensional diffuse volumes in reciprocal 
space. We are not concerned here with all these 
possibilities but mainly with the effects of thermal 
motions in rendering indefinite the positions of the 
atoms or molecular groups about mean positions 
in the lattice. 


X-RAY STUDIES 

A good deal of work has been carried out on 
the study of the effect of thermal motions on the 
intensities of Bragg reflections from a crystal. ‘The 
effect can be understood since the frequency of 
X-rays is about 1018 sec~! and that of the thermal 
motion 101° sec~! or less; hence the radiation sees 
a lattice in which atoms or groups are randomly 
displaced with respect to the mean geometrical 
planes. The radiation scattered by the displaced 
atoms is out of phase and this modifies the con- 
tributions of the atoms to the structure amplitude. 
The actual intensity J of the diffracted beam is 
related to the intensity Jp, which it would have 
if the atoms were at rest, by the Debye factor 


Bsi.2 0 ) 
2 / 


= Ip exp (- 


X-ray 


where B = 87? u2. In this u? is the mean square 
amplitude of vibration in a direction normal to 
the reflection plane. Since sin? 6 enters into this 
equation, it is to be expected that such disorder 
will affect reflections of high order more than those 
of low order and there will be a fall off in intensity 
at high angles near the edge of the film. 

In many crystals, groups of atoms held together 
by strong covalent forces behave like rigid bodies 
and execute against the weak van der Waals forces 
oscillations or librations which are relatively large 
compared with the intramolecular atomic move- 
ments. As the temperature increases, the thermal 
movement increases the amplitude of the oscilla- 
tions and librations. In the case of face-centred 
and body-centred cubic elements, it is thought"? 
that when the oscillation amplitude reaches a 
certain fraction (~0-2) of the interatomic distance, 
melting occurs; similarly when the angular ampli- 
tude of libration of a group around an axis or 
point reaches some critical value, the group be- 
comes orientationally disordered or rotates and 
the crystal undergoes a transition. 

The onset of such a transition should be fore- 
shadowed in the low temperature form by an in- 
crease in the B factor as the transition temperature 
approaches. Such a detailed study has not been 
made on a substance the high temperature form of 
which constitutes a “plastic crystal” (using 
Timmermans’) terminology) and would pro- 
bably prove difficult to do. Nevertheless, 
ABRAHAMs and LipscomMB"™) have found analogous 
results in the high temperature form of thiophene. 
They found that just below the melting point the 
thiophene molecules are orientationally disordered 
around an axis normal to their molecular planes 
and have a B factor considerably larger than is 
usually found in organic crystals; this they consider 
is due to the large degree of thermal motion. In the 
high temperature form of HCN (C?,—14 mm) 
DuLMAGE and Lipscoms®) found a very large 
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temperature factor corresponding to a large 
amplitude of libration normal to the c axis. Some 
caution appears to be necessary in relating large 
B factors solely to thermal motion since ROBERT- 
son et al.) have found that large B factors in 
circumanthracene C4oHjg result from impurity 
molecules in the lattice. 

The thermal expansion coefficients can be re- 
lated 2) to the magnitude of the thermal vibrations. 
Since the latter are not necessarily the same in all 
directions, the coefficients may be anisotropic and 
their variation with temperature will reflect the 
the the molecules"). 


changes in motions of 


Fic. 


Mure ter’) studied a number of orthorhombic 
modifications of the n-paraffin series CyHon,2 
between room temperature and the melting points 
and found that as the temperature rises the a axis 
increases at a greater rate than the 5 axis. The 
chains are zig-zag and may be depicted in pro- 
jection along c as ellipses. Fig. 1(a) illustrates the 
arrangement at room temperature and Fig. 1(b) 
is the pattern near the melting point. For n > 24 
these hydrocarbons undergo a sudden transition 
5 or 10° below the melting point to a second 
orthorhombic form still similar to Fig. 1(a) but 
with different a and 6 axes. Between the transition 
point and the melting point the angle % approaches 
60° and the structure becomes hexagonal or 
nseudo-hexagonal. There is a large expansion in 
a and a decrease in 5. These are the transitions 
studied by GARNER®), The moment of inertia of 
the chains about the long molecular axis is small 
and at lower temperatures librations of large 
angular amplitude take place around this axis. 
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As the temperature is increased the librational 
amplitude attains a critical value and the molecules 
tend to turn from one (110) plane into the other 
(110) plane; this corresponds to the transition 
point and a discontinuous change in the a/b ratio. 
Thus the molecules become increasingly disor- 
dered with respect to the {101} plane and 
towards the melting point may approach free 
rotation. 

The refinement of a structure of the low tem- 
perature form of plastic crystals may be possible 
if the atomic motions have not reached an extreme 
degree and should show on the electron density 


maps contours indicative of large librations. No 
investigation of this sort has been carried out on 
“molecules though ‘TAUER and 
LipscomB"®) have shown that in the orthorhombic 
form of CH3OH stable above the A-point, the 
electron density maps projected along the c-axis 
indicate that the contours for the CHg group are 
elliptical. This ellipticity arises from an exaggerated 
decline of reflections with increasing h index 
traceable to an anisotropic temperature factor with 


I 
globulaires’’, 


a maximum vibration normal to (100). 

Plastic crystals in the form stable at the highest 
temperatures just below the melting point give 
X-ray diffraction photographs which frequently 
have only a very small number of reflections; 
this is due to the very rapid fall-off in intensity 
with increasing reflection angle. In addition there 
is considerable background blackening masking 
many of the weaker reflections. Whilst both these 
effects confirm that the crystal is highly disordered, 
it also means that there is a restriction on the 
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amount of information which can be used in a 
structure determination. An extreme case is to be 
found in the high temperature form of cyclo- 
butane™!) where rotation photographs showed 
only (110) and (200) reflections: these just suffice 
to specify a body-centred cubic unit cell. Carbon 
tetrachloride just below the melting point diffracts 
very poorly and prolonged exposures are necessary ; 
above the heavy background only five reflections 
were observed "2), Post et al.“*) found only strong 
(111), (200) and weak (220) (222) reflections on an 
oscillation diagram of neohexane (2,2 dimethyl 
butane). Seven reflections were recorded for 
neopentane4) and nine reflections for adamantane 
(symmetrical tricyclodecane)"*), In the case of 
chinuclidin, CH(CHzCHe)3N, Nowacki"® re- 
ported ten reflections observed against strong back- 
ground blackening. The systematic absences char- 
acterized a face-centred cubic unit cell but not the 
space group. ‘The number of reflections and their 
relative intensities were not sufficient to decide 
whether the molecules were rotating freely or were 
statistically disordered in orientation. An inves- 
tigation of the effect of temperature on the X-ray 
diffraction of the cubic forms would provide some 
information on this point. It is possible that nearer 
to its melting point (268°C) the diffraction of ada- 
mantane would show fewer lines than at room 
temperature; this appears to be the case with 
cyclohexane”), 

Pau.LtnG"8), who was the first to recognize the 
possibility of rotational disorder of molecules in 
crystals, pointed out that the rotation of molecules 
like NHg and HzO about symmetry axes 
would explain why these molecules can occupy 
positions in crystals the symmetry elements of 
which are incompatible with those of the non- 
rotating molecule. ‘Thus in Ni(NH3)¢Cle the NH3 
molecules lie on four-fold axes and in alum the 
HeO molecules lie on three-fold axes; rotation 
would give the molecules an effective infinite 
symmetry axis. In many plastic crystals the sym- 
metry of the static molecule is not appropriate to 
the lattice. For example, tertiary butyl chloride? 
above its transition point crystallizes in a face- 
centred cubic lattice with only one molecule per 
lattice point. Since the stationary molecule 
possesses only a three-fold symmetry axis, it is 
assumed that the two-fold axis, needed by a mole- 
cule at a lattice point, results from rotation about 


a point on the C—Cl bond. Similar considera- 
tions"6) suggest that the trigonal symmetry of 
chinuclidin molecules may be brought into con- 
formity with the cubic symmetry of their positions 
in the crystal by assuming either a free rotation 
or a statistical disordered distribution of the 
molecular axes parallel to the four space diagonals 
of the elementary cube. 

An extensive study of cubic C(NOg2)4 has been 
made by Opa and Matsusara®) who found the 
ditfraction pattern consistent with the space 
group T3 — 143m. It was assumed that the mole- 
cules (symmetry S4—4) acquire a_ statistical 
symmetry Doqg—42m by having their molecular 4 
axes distributed along the three principal axes of 
the unit cubic cell, the C—N bonds being parallel 
to the body diagonals and the oxygen pairs rotating 
around the C—N bonds, Laue photographs of this 
crystal showed a halo ring and some diffuse spots. 
The halo was accounted for by the assumed free 
rotation of the oxygen pairs in conjunction with a 
calculation based on that of Biyvorr and 
KETELAAR!), The diffuse spots could be explained 
using Martsuspara’s theory?) for the diffuse 
scattering of disordered crystals. 


STERIC CONSIDERATIONS 

In the many cases where the X-ray information 
is sparse and comparison of the calculated and ob- 
served intensities of reflections is not decisive in 
distinguishing between free rotation and statistical 
disorder in orientation, steric arguments may be 
helpful. ‘The crystal system can be found and 
usually is found to be cubic; whether it is simple, 
body-centred or face-centred can be established 
usually unequivocally and the lattice constant can 
be determined with reasonable accuracy. ‘The size 
and shape of the molecules in the unit cell can 
be obtained from electron diffraction studies or 
derived from known bond lengths, angles and van 
der Waals radii. Thus the spatial requirements 
for free rotation can be compared with the space 
available in the crystal. In the gaseous state the 
molecules would rotate about their centres of 
mass but this may be modified in the crystal by 
the potential energy field. 

In cubic CCl4"2), the centres of the molecules 
are only 5-9A apart: since the diameter of a 
rotating molecule is 7-1 A, it may be concluded 
that free rotation would be subject to steric 
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hindrance. ScHwartz et al.“9%) found for t-butyl 
chloride and t-butyl bromide that the distances 
between molecular centres in the crystal were 
5-94 A and 6-:20A respectively, and state that 
freely rotating molecules would sweep out spherical 
volumes of diameter 7-5 A. In the case of cyclo- 
butane"), the intermolecular distance of 5-25 A 
is substantially smaller than the van der Waals dia- 
meter, whilst for cyclopentane"®) the minimum 
distance between centres of carbon atoms in 
adjacent molecules in the crystal is only 3-2 A 
compared with 4-0 A, the van der Waals distance 
between two CHg groups. The distance between 
molecular centres in cubic cyclohexane is 6-1 A 
which is less than the diameter 6-5 A of the sphere 
of rotation. The same situation holds for chinu- 
clidin, adamantane"5) and C(SCHg)4). Table 1 


Table | 


form 


deryst, A Dax, A 


to 


planar 
puckered 
planar 
boat 


Cyclobutane 


=r | 


~ 


Cyclopentane 
Cyclohexane 
Cyclohexanol 
Chinuclidin 
Adamantane 
D-L-camphor 


ou 
UM t = <j = 


boat-flagpole 


nt 


lists for a number of compounds the value of the 
distance, deryst, between molecular centres in the 
crystal, together with the maximum diameter, 
Dmax, of the molecule (i.e. assuming spherical 
rotation of the molecule); where the molecule may 
exist in a number of forms, e.g. chair or boat, the 
most compact form has been taken. For all these 
compounds in the cubic form it appears that space 
in the crystal will not allow the molecules to rotate 
freely and that one is dealing with a disordered 
structure 4); in order to reorient themselves some 
co-operative fluctuation in the positions of neigh- 
bouring molecules is necessary. 

In Table 2 there is given a list of substances with 
their crystal structures in the plastic form, together 
with the lattice constants and numbers of molecules 
in the unit cells. Zener) has discussed the 
relative stability of body-centred, face-centred 
and close-packed cubic structures in pure metals 
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and noted the susceptibility of body-centred 
cubic packing to mechanical instability in relation 
to (110) [110] type shear. It is likely that in plastic 
crystals similar considerations play a part in 
deciding the type of packing. 


OPTICAL PROPERTIES 

If, on passing above the transition point, the 
statistical symmetry of a non-equant group is in- 
creased, this is reflected in an enhanced symmetry 
of the crystal and should result in a change in the 
optical properties of the crystal. Thus MUELLER®), 
in his studies of the higher paraffins, found that 
the onset of statistical disorder in the {110} planes 
changed the character of the birefringence from 
biaxial to uniaxial. Cyclopentane"®) is hexagonally 
close packed and hence uniaxial above its transition 
temperature ; when cooled below this temperature, 
it changed to a polycrystalline form of lower 
optical symmetry. It is found for most ‘molecules 
globulaires” that the phase stable at the highest 
temperatures immediately below the melting point 
is isotropic in optical properties; this is in con- 
formity with the cubic structure which these 
plastic crystals exhibit, and on passing below the 
transition temperature they become birefringent. 
For example, C(SCHs3)4, investigated by PERDOK 
and ‘TERPsTRA3), was found to be optically iso- 
tropic from the melting point 65-7°C down to the 
transition point 45-5°C, whilst the phase stable 
from this latter temperature down to 23-2°C 
was found to be doubly refracting. Other examples 
in which the optical properties were noted are 
given in Table 3. 


PLASTICITY AND VACANCIES 

One of the most striking properties of the dis- 
ordered crystalline forms of these ‘‘composés 
globulaires” is their plasticity. Some studies have 
been carried out by Micuiis®) and these materials 
would serve as model substances for testing many 
of the theories of metallurgists. 

The plastic flow of these crystals may be 
analogous to the high temperature creep at low 
stresses which copper and gold show a hundred 
or so degrees below their melting points. 
NaBarRRO?) and later HERRING®8) have suggested 
that such results from the diffusion of 
vacancies from one side of a crystal or grain to the 


creep 
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Table 


Substance Crystal No. of molecules Lattice 
structure | in unit cell constant 


Tetrahedral molecules 


| 
} 


CCl4 f.c.c. 
CBr Tf (Pa3) 
or T7}(P43m) 
Cla O,, T, or O 
C(Me)a O; (Fd3m) 
C(SMe)a4 b.c.¢ 
(Me)sCCl f.c.c. 
(Me)sCBr } f.c.c. 
(Me)sCSH f.c.c. 
C(NOd2g)a4 T? (143m) 
SiF4 T? (143m) 
Sil4 T;} (Pa3) 


CNN FH HM ORR OH 


Octahedral molecules 


2 
2 
2 
2 
2 
2 
2 
2 
4 


C1sC.CCls | O} (Im3m) 
MesC.C.Mes b.c.c. 
MesC.CMeCle | b.c.c. 
MesC.CMeeCl b.c.c. 
MezCIC.CClMeez b.c.c. 
MeeCIC.C.Cl3 b.c.c. 
Br3C.CBr3 b.c.c. 
MesSi.SiMes b Cc.C. 
MesC.COOH | O; (Fm3m) 


NNYQY SY 


“I 


Cyclic molecules 
cyclobutane b.c.c. 
cyclopentane hexagonal 


cyclohexane f.c.c. 
thiacyclohexane f.c.c. 
cyclohexanol O? (Fm3m) 
cyclohexanone | £.6:C. 
chlor-cyclohexane b.c.c. 
cycloheptatriene cubic 


Cage molecules 
8-977 
9-426 
10-1 
8-00 
10-25 
10-39 


chinuclidin f.c.c. 
sym-tricyclodecane T? (F43m) 
D-L-camphor ft. 
D-L-camphene b.c.c 
borneol 5.0.2. 
borny] chloride f.c.¢ 
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Observations of optical isotropism in crystalline phases 


stable immediately below the melting point 


HCl, HBr, HI 
CCl, 
C(CHs3)a4 
C(SCHs)4 
Co(¢ Hs) 


1,1,1,2 tetrachloro-2-methy]l propane 


t-butyl chloride, bromide 
cyclohexane, cyclohexanol 


cyclohexanone, chlorcyclohexane 


2 chloro-2,3,3, trimethyl butane 
chinuclidin 


adamantane 


other. They find that the creep rate is given by 


2pVD 
~ 


?2kT 
where D is the diffusion coefficient of the vacancies, 
V the volume of a molecule, / the dimension of 
the crystal or grain and p the stress. 
In metal the of 
vacancies is about one per thousand atom sites 9, 
Since the heat of sublimation of potassium is 


roughly twice that of the organic plastic crystals, 


. sinh 


2pV 
kT 


pure potassium number 


the number of vacancies in the latter may be at 
least comparable. A possible method of calculating 
the vacancy density is by comparing the density 
obtained from X-ray data with that obtained by 
conventional means. Without special precautions 
being taken this might lead to serious error; a 
tentative figure of 1-25 per cent can be obtained 
from PERDOK and TERpsTRaA’s densities for cubic 
C(SCHs3)4, 1-219 g ml-* from X-ray measurements 
and 1-204 for the conventional density. 


SURFACE FEATURES AND RATE OF GROWTH 

The surfaces of camphor and of CBr4 cubic 
crystals when subliming slowly show the develop- 
ment of pits which are probably located at the 
terminations of dislocations in the surface. GILLI- 
LAND has examined the surfaces of crystals of 
camphor and of CBr, during growth. Fig. 2 
is a photograph of a large growth step on the 
surface of camphor at about 27°C; at the centre 
there is a deep pit, probably indicating that a 
screw dislocation of large Burger’s vector and 
large strain energy emerges at this point. As the 
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temperature is raised towards the transition point 
(about 105°C), the spiral remains visible up to 90°C, 
above which it is no longer visible. It was not 
clear whether or not the dislocation at its centre 
moved to the periphery of the surface or whether 
the large step dissociated into smaller steps. 

By measuring the rate of forward movement of 
the edges of crystals, BRADLEY and Drury®®) 
determined the rates of growth of the monoclinic 
and cubic forms of CBr4. They found that the 
rate of growth of the monoclinic form was about 
ten times greater than that of the cubic form for 
the same supersaturation. The cause of this 
difference is obscure but is most likely due to the 
growth steps being higher (~ 10 times) on mono- 
clinic crystals than on cubic. This is not unreason- 
able because strains in the growing crystal would 
be relieved by dislocations possibly of large 
Burger’s vector in monoclinic crystals whilst 
stresses in the plastic cubic form could be relieved 
by the plastic flow arising from the diffusion of 
vacancies. Further, it is likely that screw dis- 
locations of large Burger’s vector would be more 
stable in the monoclinic form than in the cubic 
where mobility of vacancies could cause a large 
dislocation to split into an array of small dis- 
locations with a reduction in the rate of growth. 
Acknowledgement—My thanks are due to Dr. C. W. 
BuNN for helpful discussion. 
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I. THE EFFECTS OF HINDERED ROTATION 


J. A. POPLE and F. E. KARASZ 


National Physical Laboratory, Teddington, England 


Abstract 


the orientations and positions of molecules. 


A theory of fusion is developed which allows for order—disorder phenomena in both 
The two-lattice model used by LENNARD-JONES and 


DEVONSHIRE is extended so that molecules may take up two orientations on any site. By introducing 
a physically realistic coupling between orientational and positional disorder, a theory resuits which 
gives a solid state rotational transition and a melting transition. For small rotational barriers, the 


transitions are separate, while for larger barriers they coalesce. The theory makes quantitative 
predictions about the effects of solid rotational transitions on the thermodynamics of melting, 


which are in approximate agreement with experimental data. 


1. INTRODUCTION 
ALTHOUGH the main qualitative distinction between 
the solid and liquid phases has long been attributed 
to the disappearance of the long-range order of the 
crystal structure, there are few theories able to 
give a satisfactory quantitative description of the 
thermodynamic changes involved. Most of these 
are concerned with the simplest type of monatomic 
crystal (particularly the inert gas crystals) and do 
not treat the the 
melting of molecular crystals which is usually 


diverse features observed in 
critically dependent on factors such as molecular 
shape and specific molecular association. 
Probably the most successful treatment of the 
melting of inert gas crystals is the work of 
LENNARD-JONES and DEVONSHIRE"!:?? 
the cell model they had previously developed for 
(the liquid—vapour 


based on 


the theory of condensation® 
transition). These authors allowed for the pos- 


sibility of increasing disorder in the positions of 


molecules in a crystal by permitting them to 
occupy sites on one of two equivalent inter- 
penetrating lattices, referred to as a-sites and 
B-sites. The lowest energy configuration is that in 
which the particles all occupy «-sites or all f-sites 
corresponding to a state of perfect order. With 
increasing temperature, the number of particles 
on interstitial sites (e.g. B-sites in a crystal where 
mainly «-sites are occupied) increases, until a 
critical condition is reached where the long-range 
order is destroyed and the two kinds of site are 


equally populated. By using the statistical mechani- 
cal methods developed for handling co-operative 
problems of this sort and making the energy of 
particles on neighbouring « and f sites vary 
appropriately with the volume, LENNARD-JONES 
and DEVONSHIRE were able to develop a quantita- 
tive theory of the thermodynamics of the melting 
transition. They found that the predictions of the 
theory agreed well with many features of the ex- 
perimental data for spherical or almost spherical 
molecules. 

The LENNARD-JONES and DervVONSHIRE theory 
is unsatisfactory when applied to the melting of 
molecular crystals in which the intermolecular 
forces deviate appreciably from spherical form 
and the possibility of hindrance to rotation in the 
solid and liquid states has to be taken into account. 
As the theory is based on a simple central force 
law of given shape (actually the 6-12 potential 
field), it implies a law of corresponding states, 
according to which such quantities as the entropy 
of melting (at the triple point) and the ratio of 
triple point temperature to critical temperature 
should be the same for all substances. In fact, wide 
and systematic variations in such quantities are 
found which cannot be interpreted in terms of this 
simple theory. 

The thermodynamic data on the melting of 
molecular crystals has been discussed qualitatively 
by a authors. Eucken™) and 
UBBELOHDE™) have pointed out that there are large 


number’ of 
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differences between substances which yndergo 
phase transitions associated with rotational motion 
before reaching the melting point and substances 
where the hindrance to rotation is larger and the 
disorientation of the molecules cannot take place 
until the liquid state is reached. The first class 
(which must have relatively low rotational barriers 
in the crystal) usually have lower entropies of 
melting than the inert gases. The second class, 
however, have much higher entropies of melting, 
presumably because a greater increase in rotational 
freedom takes place with the transition. For 
substances such as water, which are associated as 
liquids, a great deal of the relative orientational 
order is retained in the liquid state and the 
entropies of fusion are again smaller. 

As these empirical studies of experimental data 
suggest important connections between the 
thermodynamics of melting and orientational order 
in solids and liquids, it seems worthwhile to 
attempt an extension of the LENNARD-JONES and 
DEVONSHIRE theory to take account of rotational 
degrees of freedom in at least an approximate 
manner. In this paper we shall present such an 
extended theory in which the model used by 
LENNARD-JONES and DEVONSHIRE to describe the 
breakdown in positional order is combined with 
the rather similar model that has been used for 
theories of rotational transitions in solids. By 
introducing a relation between the processes in a 
physically realistic manner, a model results which 
can be used to study quantitatively the effects of 
rotational disordering on the thermodynamics of 
the melting process itself. 

It should be emphasized at the outset, of course, 
that a simple model of the kind considered here 
cannot give an adequate description of the very 
diverse kinds of molecular motion that can occur 
in a variety of crystal structures, so that the theory 
can hardly apply in detail to any one particular 
material. Nevertheless, there is sufficient regularity 
in the experimental data to suggest that an approxi- 
mate over-all theory should be able to interpret the 
trends in a reasonably quantitative manner. 


2. A MODEL FOR DESCRIBING POSITIONAL AND 
ORIENTATIONAL ORDER-DISORDER 


The method we shall use is an extension of the 
model used for monatomic substances adopted by 
LENNARD-JONES and DevoNnsHrRe®?) and we shall 


Cc 


follow their notation closely. They begin with a 
description of an assembly of N molecules each 
vibrating in a cell, the cells forming a regular 
lattice structure. The partition function for such 
an assembly, which is perfectly ordered, can be 
written f” where f is the partition function for 
one particle vibrating in the cell potential field 
determined by its neighbours. Although this model 
was first developed for describing condensation, 
LENNARD-JONES and DEVONSHIRE pointed out the 
condensed state really corresponded to an ordered 
solid so that the solid/liquid transition could not be 
described without giving the system more flexibility. 

To allow for the possibility of disorder in the 
arrangement of the cells, LENNARD-JONES and 
DEVONSHIRE suppose that the molecules could be 
centred on sites which could be of two kinds, 
4-sites and f-sites. The «-sites are the normal ones, 
so that in the equilibrium configuration of the 
solid (at zero temperature), the molecules are 
distributed over the N available «-sites. The second 
N abnormal or interstitial sites (8-sites) form a 
second lattice interpenetrating the first and 
symmetrically related to it. This means that the 
configuration in which all molecules occupy 
B-sites is also an equilibrium arrangement; the 
role of normal and abnormal sites is reversed. 
LENNARD-JONES and DEVONSHIRE specifically use 
two interpenetrating face-centred cubic lattices, 
since the inert gases (except helium) have the face 
centred cubic structure in the solid form. We need 
not specify the exact nature of the lattices however, 
since only limited information about them is re- 
quired for the approximation to which we shall 
work. We shall assume that each «-site is sur- 
rounded by z equivalent neighbouring f-sites and 
each f-site by z a-sites. We shall also write 2’ 
for the number of «-sites closest to any given 
a-site or the number of f-sites closest to any 
given f-site. 

The model of two interpenetrating lattices is 
capable of showing two condensed phases with 
properties analogous to solids and liquids. If, for a 
sufficiently large assembly, the free energy is 
smallest for a distribution in which the particles 
lie mainly on a-sites (or mainly on f-sites), the 


system possesses long-range positional order and 
corresponds to a solid. If, on the other hand, both 
kinds of site are equally populated, the system is 
disordered and corresponds to a liquid. 
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In their quantitative development of the theory, 
LENNARD-JONES and DEVONSHIRE introduce a re- 
pulsive energy W between molecules of neigh- 
bouring « and f sites, since a positive energy is 
required to move a particle in an «-lattice onto an 
interstitial f-site. If N,, is the number of such 
neighbouring pairs in any particular configuration 
of the N particles among the 2N sites, the partition 
function for the whole assembly is written. 


Z = > fX exp(—N,,W/kT) (2.1) 


where & represents the over all 
configurations and f is the partition function per 


molecule in a state of perfect order where all 


summation 


molecules occupy «-sites. The function f itself is 
treated as a function of volume per molecule and 
temperature only, so that the factor f¥ can in fact 
be taken outside the summation in (2.1 ). The treat- 
ment then proceeds by using an approximate 
form for f and taking the repulsive energy W to 
be an appropriate function of volume and using 
the zeroth or first-order approximation to evaluate 
the partition sum. 

We now wish to modify this model so that 
account is taken of the orientation of the molecules 
and the energies of different relative orientations 
of neighbours. For this purpose, we shall suppose 
that each molecule take up two 
orientations on any site. ‘This means that there are 


can one of 
then four possibilities for any molecule which can 
be denoted by «1, a2, 8; and fo. We shall further 
suppose that these orientations are such that, in 
the equilibrium configuration of the solid, all 
particles will occupy sites and orientations of the 
same type (e.g. all ~). It is not meant to imply by 
this that all molecules have any particular relative 
orientation (such as all being parallel) but only 
that the total solid angle available to each molecule 
can be divided into two parts labelled 1 and 2 and 
that in the equilibrium configuration of -he solid, 
at iow temperatures, all molecules occupy their 
region 1, or alternatively all occupy region 2. 
Just as LENNARD-JoNgEs and DEVONSHIRE intro- 
duced a repulsive energy W for molecules on 
neighbouring «- and f-sites to allow for the 
higher energy of interstitial (8) sites in a mainly 
a-lattice, so we now introduce a second repulsive 
energy W’ to allow for the higher energy of 
molecules in unfavourable relative orientations. 
In fact the energy W’ will be associated with each 


pair of a, and ag molecules in neighbouring 
positions on an «-lattice (and similarly for neigh- 
bouring f; and f2 molecules on a _ f-lattice). 
Thus 2z’W’ is the energy required to turn one 
molecule from « to «2 when the remainder of 
the lattice is «}. 

One further point of great importance which 
should be taken into account is the following. If 
we have a perfect lattice all in «; configurations 
and one molecule is then rotated into the un- 
favourable «2 orientation, a strain is set up in the 
vicinity of this particular site. As a result of this 
there will be an increased tendency for molecules 
in this region to move onto interstitial positions. 
This introduces a coupling between the two pro- 
cesses of disorientation and has important physical 
consequences. In terms of our model, it means a 
lower relative energy for surrounding f-sites. 
This will be taken into account in the simplest 
possible manner by assuming that the energy W of 
a-8 neighbours is independent of orientation, so 
that f-sites near a misorientation in a mainly 
z-lattice are favoured by not experiencing the 
repulsive W’ term. A similar effect will apply 
to a-sites surrounding a f-misorientation in 
a mainly f-lattice. 

If N,,. is the number of relative misorienta- 
tions on neighbouring «-sites and Nz, , 18 defined 
similarly, the new partition function can be 
written 


=f" ¥ exp[—(NapW+No.a,W'+No.p.W kT] 
2.2) 


where the sum is now over all orientations as well 
as over arrangements of particles on «- and f-sites. 
This analysis of this partition function should 
now predict order—disorder behaviour for both 
position and orientation and their interrelation. 
In fact the analysis of the summation part Q in 
(2.2) can be discussed as a separate problem of a 
co-operative type and we shall deal with this in 


the next section. 


3. APPROXIMATE SOLUTION OF THE 
CO-OPERATIVE ORDER-DISORDER PROBLEM 


The partition function Qin (2.2) can be 
evaluated approximately by an extension of the 
simple Bragg—Williams treatment of co-operative 
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problems of this sort used by LENNARD-JONES The conditions for this expression to have a 
and DevonsuireE?). We introduce a degree of stationary value are 

positional order Q, which is the fraction of particles 

on a-sites. Similarly we write S for the orienta- log Q : 
tional order defined as the fraction of molecules ~ 1-Q 
in 1-orientations. Then the total Q may be written 

as a sum of partition functions for given Q and S 


sw 2’W’' 
Ee kT 


sa- s)| (20-1) 


Q2= >2(Q,S) (3.1) log a (1 -—20+29*)(2S —1) 
(3.6) 
Equation (3.5) reduces to the corresponding result 
in the LENNARD-JONES and DEVONSHIRE theory 
if W’ = 0. 
Clearly the ratio 
where &‘@S) is the sum over configurations in 
which there are NOS molecules in « positions, 
NOQ(1—S) in ae positions, N(1—Q)S inf; 
positions and N(1—Q)(1—S) in fe positions. se 
Since the complete partition function is sharply — 
peaked, we seek only the maximum of 2(Q, S). is a measure of the relative energy barriers for 
If this is at 0 =S =}, both positions and __ the rotation of a molecule and for its diffusion to 
orientations are completely disordered. If the an interstitial site. It is the key parameter in the 
maximum occurs for other values of Q and S, present theory and we shall investigate the effect 
long-range order exists for the positions or orienta- _it has on the predicted thermodynamic properties 
tions, or both. of melting. 

The Bragg-Williams (or zeroth) approximation The point QO = S = } is always a solution of 
to this problem is to replace the exponent in (3.1) | equations (3.5) and (3.6). At high enough tempera- 
by its average value, so that the sum becomes tures (small zW/kT), it is the only solution and 
equal to y(Q, S), the number of terms for given maximizes log Q. This corresponds to the situation 
QO and S. Thus in which there is a breakdown in the long-range 


Q(O, S) = y(Q, S)exp{—[zNWQ(1 —Q)+ Z’NW’'S(1 —S)(1 —20+2Q")]/kT} 
The number of ways of arranging the particles for given Q and S is 


N! 2 [NO]! [N(1—Q)]! 
ciennitinienctedentions x 


[N(1—O)S]![NG —O)\(1—S)]! 


2, 8) | [NO}'N(1—Q)]!) [NOS]![NO(1 —S)]! 
so that, using Stirling’s theorem, we have to order in both the positions and orientations of the 
molecules. For larger zW/RT, the values of Q and 
S maximizing N-! log Q may differ from 3%, 
Nog Q = —2Q log Q—2(1 —Q)log (1-2) — ponent some ie in position or orienta- 
2W tion. These values have been found for a series of 
— Slog S—(1—S)log(1 —S) -—— Q(1-Q) - values of the parameters y and zW/kT by solving 
k1 equations (3.5) and (3.6) for stationary points 
zg and comparing the corresponding values of the 
—— S(1—S)(1 —20+ 29?) right hand side of (3.4). From this point, the 
kT symbols Q and S will be understood to refer to 
these values maximizing the partition function. 


maximize 
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Fic. 1(c) 


Fic. 1. Variation of positional order O and orientational order S with 
2W/kT for various v. 


The kind of behaviour found in Q and S as a func- 
tion of zW/kT varies with the parameter v. For 
small vy, Q = S = datlow zW/kT and as the latter 
parameter is increased Q first moves away from the 
value %. There is then a region of sW/kT in which 
the orientations are disordered (S = 4) but the 
positions are ordered (O44). Eventually the value 
of S also moves away from } as shown in Fig. (a). 


For larger values of v, the absolute maximum of 


the partition function moves suddenly away from 
(3,3) to some point at which S 4 QO ¥ 3. This is 
illustrated in Fig. 1(b). Finally for even larger vy, 
the situation is reversed and S leaves the value 3 


for smaller zW/kT (Fig. 1(c)) 


4. EVALUATION OF THE THERMODYNAMIC 
PROPERTIES OF MELTING 

Having found the values of the order parameters 
Q and S in the manner outlined in the previous 
section, we can write down the Helmholtz free 
energy A from the partition function and then 
examine the conditions under which the theory 
predicts phase changes. A is conveniently split into 


two parts 
A = A’+ A” 


A'/NkT = —logf 


A" |NkT = —N-logQ(Q, S) (4. 


The first part A’ gives the partition function for 


the completely ordered system, whereas the 
second part A’”’ gives the contribution due to the 
disordering of the positions and orientations of the 
molecules. Other thermodynamic functions can 
be derived from the free energy and also expressed 


as a sum of two parts in this way. To study the 


equation of state, we need the pressure which is 


given by 


p=ptp’ (4.4) 


wt 


p’ = —(@A'/év)7; p” = —(@A" /év)r 
(4.5) 


The free-volume theory may now be used to 
evaluate the single particle partition function f. 
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This is written in the form 


fiineticd , exp (—Po/NRT) (4.6) 
where fxinetic is the partition function for kinetic 
energy (independent of volume and so not con- 
tributing to the pressure), v; is an average free 
volume of each particle in its cell and po is the 
potential energy of the central forces when all 
particles are in their equilibrium positions. 

The free-volume theory has been extensively 
developed in terms of the 6-12 intermolecular 
energy law according to which the interaction 
energy of a pair of particles at a separation 7 is 
given by 
(7o/r)®] (4.7) 


€9 is the energy minimum and ro the 


u(r) = 4¢eo[(7o/r)!* 
where 
separation for zero interaction (balance between 
attractive and repulsive energies). The thermo- 
dynamic functions derivable from A’ for the 
spherically-smoothed three-shell cell field have 
been tabulated by Wenrtorr et al.‘6) and we shall 
use their values (slightly extrapolated to lower 
temperatures where necessary). These authors use 
a standard volume vo equal to the volume of the 
assembly if the particles occupy a face-centred 
lattice where the distance between nearest neigh- 
bours is equal to the distance minimizing u(r), 
that is r = 2'/6r9, Then they tabulate the com- 
pressibility factor pu Nkr as a function of a reduced 
temperature kT/e9 and a reduced volume v/vp. 

To evaluate the other contribution to 
pressure, we need to specify the variation of the 
energies W and W’ with volume. Supposing these 
to be determined primarily by repulsion forces 
(with energies approximately proportional to 
r~12) we take both these energies in the form 


W = Wo(vo v)4 | 
W’ = Wo'(vo/v)* J 


the 


(4.8) 


where Wo and W’o are constants proportional to 
to. This means that the non-dimensional parameter 
v( = 2’W’/zW) is supposed independent of tem- 
perature and volume and is thus characteristic of 
the material. LENNARD-JONES and DEVONSHIRE) 
adjust the ratio Wo/e9 empirically to give the 
correct melting temperature of argon. We shall 
follow this and predict the melting properties of 
other substances as the parameter v moves through 
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a range of values. (The ratio Wo/eo is found to be 
0-977 which differs slightly from the LENNARD- 
Jones and DEVONSHIRE value because the modified 
tables of WENTORF et al.‘%) have been used.) 

The pressure p” is now given by 


pv vo ( a 
: log Q(Q, S) 
NkT ov a 


(4.9) 
-{Q(1 —Q)+vS(1—S)(1-20+202)} 


k7 
using (3.4), (4.8) and the conditions 0Q/éS = 
€Q/20 = 0 which were used to maximize log 
(QO, S). This equation gives p’’vp/NRT as a 
function of (v/v), RT/eo and v, so that by adding 
to p’vp/NkT we obtain a complete isotherm. 

The isotherms obtained in this way show one 
or two kinks when the two kinds of long-range 
order disappear. Only one kink is found if the 
two sorts of order disappear together as in Fig. 
1(b). In the model used, first order melting 
transitions are predicted and the temperature 
has to be adjusted to give equal areas above and 
below the zero-pressure line. Two typical iso- 
therms are shown in Fig. 2. In Fig. 2(a), it is 
possible for two phases to exist in equilibrium 
represented by the points A and B provided that 
the total (algebraic) area under the curve between 
these points is zero. The point A corresponds to 
the solid (O # 2) and B to the liquid (Q = 3). 
In this case S = ¢ at the point A so that the solid 
at the melting point has its molecules orienta- 
tionally disordered. In other words, a transition 
occurs in the solid at some temperature below the 
melting point. Clearly for another lower tempera- 
ture, an isotherm could be obtained for which it 
could be possible to have two solid phases in 
equilibrium corresponding to a solid-transition 
temperature. However, we shall not pursue the 
description of solid transitions given by the theory 
any further in this paper. 

For larger values of v, the two kinks in the curve 
where the two kinds of order disappear become 
closer together as illustrated in Fig. 2(b). In this 
case the melting isotherm is such that the two types 
of disordering (positional and orientational) both 
occur together in a single first-order transition 
at the point C, S 4 OQ # dand at D, S = Q = 3. 
For a material characterized by this value of »v, 
there will be no solid state transition below the 
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Fic. 2. Theoretical melting isotherms (a) for 
v = 0°3 and (b) v = 0-4. 
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Fic. 3. Reduced temperature of melting as a function of v. 


melting point. The critical value of v which gives 
the change from one case to the other is estimated 
to be v = 0-325, when the solid rotation transition 
temperature and the melting temperature first 
coincide. 

For a larger value of v, the two kinks in the 
isotherms will coincide and then there will be a 
change to a situation in which the point at which 


S becomes + is at higher volume than the cor- 
responding point for Q. Eventually for still larger 
values of v, the theory predicts a separation again 
into two thermodynamic transitions, the melting 
occurring at lower temperatures. This is analogous 
to the properties of liquid crystals but we shall 
not study this range of v in the present paper. 
Having found the melting isotherm at zero 





Fic. 4. Relative volume change on melting as a function of v. 
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Fic. 5. Entropy of melting as a function of v. 


pressure, for a number of values of v, the theory 
can now be used to predict other thermodynamic 
properties. For example the relative volume change 
Av/vs, where vs is the solid volume at the melting 
temperature, can be obtained immediately. 
Similarly the entropy of melting AS can be found 
by calculating the entropies of the two phases in 
equilibrium from 


S = 4 yo. Be 


—(0A'/@T)y—(0A" /@T)p (4.10) 


These calculations have been carried out for a 
series of values of v with the results shown in 
Figs. 3, 4 snd 5. 


5. DISCUSSION 

The results derived in the previous section 
clearly show the trends observed in experimental 
data, although the latter are somewhat scattered 
and there are a number of anomalies. For v = 0, 
the points on the curves of Figs. 3, 4 and 5 corres- 
pond to the original theory of LENNARD-JONEs and 
DEVONSHIRE), The melting temperature for argon 
was adjusted empirically and the values of Av/vs 
and As/Nk then predicted successfully. (Our 
numerical results differ somewhat from those of 
the original paper as improved free-volume tables 
are used.) 


As v increased from zero to the value 0-325, 
the theory predicts the changes observed in 
materials with solid rotational transitions fairly 
well. In the first place, the reduced melting 
temperature k7'm/eo falls. ‘This cannot be directly 


compared with experimental data, of course, but 
if we assume that eg is proportional to the critical 
temperature 7, we have a theory for changes of 


T'm/T-*. Alternatively, another approximately 
valid relation is the constancy of the ratio of boiling 
(1 atm) and critical temperatures, so that the 
theory gives an increased liquid range as usually 
observed. Qualitatively this can be interpreted 
as a destabilization of the crystal lattice by the 
relative misorientations of molecules (above the 
solid transition temperature) leading to increased 
occupation of interstitial sites and earlier melting. 
The predicted lowering of the relative volume 
change, which is also in agreement with mosi 
experimental data, arises principally from in- 
creased solid volumes caused by the misorientation 
of molecules above the solid transition temperature. 
The fall in entropy of melting (again observed 
experimentally) is closely associated with this, 


* In a full theory, account should be taken of changes 
in T; itself due to the order—disorder effects. However 
such changes in JT; will be much smaller than those in 
Tm and we shall neglect them. 
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Comparison of entropies and melting/boiling tempera- 


ture ratios with theoretical prediction. 


the principal reduction being in AS’ representing 


changes in free volume. 
Since we cannot expect to estimate the para- 
substance with any accuracy 


meter v for any 


with knowledge of intermolecular 


forces, the best way to test the theory quantita- 


our present 


tively is to plot these experimental quantities 
against each other and compare with the predicted 
theoretical relationship. In Fig. 6, the entropy of 
melting is plotted against the ratio of melting to 
boiling temperatures for a number of substances 
with rotational transitions in the solid state (data 
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entropies 


7. Comparison of 


and volume changes with 


theoretical prediction. 
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from EuckeNn™)). The theoretical curve is obtained 
from Fig. 3 (up to v = 0-325) together with the 
approximate relationship kT, = 0-73 eo (close to 
the value for argon). As the theory contains no 
adjustable parameter other than the one used to 
fit the inert gas data, the agreement is reasonably 
satisfactory. The greatest deviation is for cyclo- 
hexane, where several types of rotation may occur. 
Fig. 7 shows a similar plot for entropies and re- 
lative volume changes. These correlations were 
noted empirically by EuckeN™) and now receive 
some quantitative support. 

If v is greater than the critical value 0-325, the 
theory predicts the correct qualitative changes for 
substances which show no rotational transitions 
in the solid state. Both volume changes and entropy 
changes are sharply increased, since the melting 
transition now covers the changes associated with 
both transitions previously. Further, the ratio of 
melting to boiling temperatures is still less than for 
the inert gases as is usually observed. This is 
again due to destabilization of the crystal lattice 
by relative misorientations, even though this is 
no longer associated with loss of orientational 
long-range order. Quantitatively the theory is 
rather less satisfactory for substances in this class. 
Relative volume changes are predicted to increase 
to the order of 18-25 per cent, although changes 
of this order are relatively rare. Entropies of 
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melting are predicted to increase to the order of 
6 cal/mole deg. In practice, a wide range of en- 
tropies is observed generally with larger values of 
the order of 9 cal/mole deg.) This limitation of the 
theory can probably be traced to the restriction 
of only two possible orientations per site. For 
many crystal lattices, there can be a considerably 
larger number of orientations among which dis- 
ordering can take place, thereby making a larger 
contribution to the entropy of melting. 
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DIELECTRIC EVIDENCE OF MOLECULAR ROTATION 
IN SOLIDS* 


C. P. SMYTH 


Frick Chemical Laboratory, Princeton University, Princeton, N.J 


Abstract— Measurements of dielectric constant as a function of temperature give clear evidence of 
molecular rotation in many crystalline phases comparable to the rotation in liquids and in a few 
organic glasses which have been studied. The effect of molecular shape upon rotation is examined, 
it being shown that spheroidal and cylindrical molecules may rotate. The rotation may be presumed 
usually to consist of rotational jumps between potential energy minima. Rotational freedom depends 
upon the closeness of the approach to one of the ratios of the molecular radii in different directions, 
but is influenced by the closeness of the molecular packing. 

Many solids which show a rotational transition point are soft, 
rotator phase between the transition point and the melting-point and brittle below the transition 
point. A number of solids which show anomalous dielectric dispersion like that found in liquids and 
organic glasses, but no rotational transition, are brittle. It appears that plasticity may result from 
volume per molecule occurring when slightly unsymmetrical molecules begin to 


waxy, and translucent in this 


the increase in 
rotate at a transition point 
sisting molecular rotation in the crystal is, in some cases, about the same as in the liquid state, and, 


Dielectric relaxation measurements show that the internal friction re- 


in some cases, much less 


1. INTRODUCTION 
A Major portion of the dielectric investigations 
of molecular rotational freedom in crystals has 
been summarized and discussed previously.“ 
The present paper aims to evaluate and interpret 
certain aspects of the earlier results as well as to 


discuss more recent information. 


4 


2, DIELECTRIC CONSTANT AS EVIDENCE OF 
MOLECULAR ROTATION 

The crystallization of a liquid normally so re- 

duces the freedom of motion of its molecules that 

they are unable to turn in an externally applied 

electric field. If the molecules are non-polar, their 

freezing in the crystal lattice has only a small effect 


upon the dielectric constant of the material, the 


small increase accompanying the increase in the 
number of molecules per unit volume in the solid 
phase. If, however, the molecules have dipole 

* This research was supported in part by the Office of 
Naval Research and in part by the Office of Ordnance 
Research, U.S. Army. Reproduction, translation, publi- 
cation, use or disposal in whole or in part by or for the 
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moments, their freezing in the crystal lattice 
eliminates their usually large contribution to the 
dielectric constant, which, consequently, drops 
sharply on freezing to a low value, commonly be- 
tween 2 and 3. As in the case of the non-polar 
materials, this low value arises from the displace- 
the molecules"), 
However, for many solids consisting of dipolar 


spatial 


ment of charge induced in 


molecules possessing more or _ less 
symmetry, dielectric constants similar in size and 
temperature dependence to those of the liquid 
phase have been found over a range of temperature. 
Since the high dielectric constants of liquids 
consisting of dipolar molecules are known to be 
due to the rotational orientation of the molecules 
in the alternating electric field used in measuring 
the dielectric high dielectric 
constants of dipolar molecular solids show the 


constant, these 
existence of molecular rotation in the solid. This 
does not mean that the molecules are necessarily 
rotating freely as in the gaseous state, but only 
that the potential energy barriers hindering their 
rotation are sufficiently low to permit frequent 
rotational passage. 
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If molecular rotation is possible only around the 
molecular axis in which the dipole lies, it does not 
affect the orientation of the dipole and, con- 
sequently, the dielectric constant does not give 
positive evidence of molecular rotation. This is 
the case, for example, with acetonitrile, methyl 
iodide, and nitromethane”), for which nuclear 
magnetism measurements indicate the onset of 
rotation at 90°K, and, possibly, for t-butyl 
chloride™) between 183 and 219-7°K. Change in 
dielectric constant accompanying change from one 
solid phase to another gives evidence of the transi- 
tion, as in the 183-0°K transition for t-butyl 
chloride or in the transition for the non-polar 
earbon tetrachloride,2) but, unless molecular 
rotation can occur above the temperature of the 
transition with a dipole turning about the axis of 
rotation, the dielectric constant does not give direct 
evidence of the rotation. Fortunately, molecular 
rotation so often involves turning of an electric 
dipole around the axis of rotation that measure- 
ment of dielectric constant, particularly, as a 
function of temperature, provides a useful tool 
for the investigation of the phenomenon in solids. 

When a dipolar liquid is supercooled to a glass, 
it shows anomalous dispersion at radio frequencies 
very similar to that observed in the ordinary liquid 
range at microwave frequencies. In both cases, the 
mechanism is the the rotational 
orientation of the molecules. This behavior has 
been studied particularly in the cases of branched- 
chain alkyl halides“:?) and alcohols“), ‘The 
branched-chain alkyl halide molecules, in contrast 
to those of the straight-chain alkyl halides, seem 
to have difficulty in fitting their irregular shapes 
into a crystal lattice. A similar difficulty is en- 
countered by alcohol molecules, probably because 
formed by hydrogen 


relaxation of 


of the molecular chains 
bonding. In liquids and glasses, molecular rotation 
is hindered by the intermolecular forces, which, 
as the frequency of the alternating field used in the 
dielectric constant measurement is increased or the 
temperature is lowered, cause the molecular 
dipole orientation to lag more and more behind 
the field until it disappears. The result is the 
familiar anomalous dielectric dispersion or 
gradual decrease in dielectric constant from the 
static or low-frequency value to the optical value, 
the square of the optical refractive index. ‘The 
abrupt process of freezing a pure liquid gives no 
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opportunity for such dispersion. If the polar 
molecules are very unsymmetrical, their packing 
in a crystal lattice prevents their rotation and the 
dielectric constant drops sharply from the static 
value to one close to the optical value. If the 
molecular shapes approach that of a sphere, the 
radio frequency and, sometimes, the microwave 
frequency dielectric constant of the crystalline 
solid behaves like that of the liquid for some 
distance below the freezing point because of 
molecular rotational freedom. Usually, with de- 
creasing temperature, the rotational freedom 
disappears sharply at a transition point and the 
dielectric constant drops abruptly to a value close 
to that of the optical dielectric constant. It is 
often convenient to refer to such a transition as a 
“rotational transition’”’ and to the phase existing 
above it as a “rotator phase’’. For a few crystalline 
solids, anomalous dispersion has been found like 


that in liquids and glasses. 


3. EFFECT OF MOLECULAR SHAPE ON ROTA- 
TION IN CRYSTALS 


(a) Spherotdal molecules 

The simple hydride molecules“+4) HCl, HBr, 
HI, HeS, HeSe, AsHg, and others like them, 
which have been shown to rotate over considerable 
ranges of temperature in the solid state, may be 
regarded as spheres distorted by the protons, or, 
perhaps, as spheres with a bulge for each proton. 
The much larger molecules of camphor and some 
of its derivatives do not depart sufficiently from 
spherical form to prevent rotation in the crystal. 

The tetrasubstituted show a wide 


variety of rotational behavior according to the 


methanes 


relative sizes of the substituents. The molecules 
of the methanes with four small atoms or groups 
replacing the hydrogens may be described as 
having the shape of a tetrahedron with small 


spheres at the corners or as a tetrahedron with 


rounded corners and indented edges, a symmetry 
sufficiently close to spherical to permit rotation 
over a considerable range of temperature. ‘The four 
symmetrical methanes, CX4, 
show transitions which, from their analogy to 
those found for dipolar tetrasubstituted methanes, 
may be presumed to be rotational), Replacement of 
chlorine in CCl, by methy] gives dipolar molecules, 


CHsCCls, (CH3)2CCle, and (CH3)3CCl, which 


tetrahalogenated 
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have been found by dielectric constant measure- 
ments to rotate below the freezing points. 
(CH3)3CBr and (CH3)3CI show similar behavior, 
although, for the latter, the relaxation time for the 
rotation process is much longer. 

Measurements have been made on ten different 
tetrahalogenated methanes with fluorine, chlorine, 
and bromine as the halogens and at least two 
different halogens in each molecule to produce a 
molecular dipole moment), The rotational be- 
havior of the molecules was examined in the light 
of the lengths of the carbon—halogen radii C—X 
calculated as the sum of the two bond radii plus 
the van der Waals radius of the halogen, that is, 
the distance from the carbon nucleus to the hypo- 
thetical surface of the halogen atom. These C—X 
values slightly revised in terms of recently pub- 
lished van der Waals radii values), together with 
an analogous C—CHsg value are as follows: 

C-F, 2-76 A; C—Cl, 3-56; C—Br, 3-86; 
C-I, 4-25; C—CHs, 3-54. 
The closeness of the C—CHg3 and the C-—Cl radius 
values shows why the tetrasubstituted methyl 


chloromethanes rotate so easily in the crystal. 
CCIBrg, CCleBre, and CClsgBr, where the ratio 
of the two C-X values is 1-09, clearly show 
molecular rotation, but CFoCle, and CFCls, where 
the ratio is 1-29, CFoBre and CFsBr, where the 


ratio is 1-40, and CFeBrCl, show no rotation. 
CF3Cl and CBrgsF show such sharp drops on 
freezing as to suggest that their transitions just 
below the freezing point correspond to cessation of 
molecular rotation about the symmetry axis in 
which the molecular dipole lies. In (CH3)3CBr, 
which shows rotation, the ratio of the two radii is 
1-09 as in the chlorobromo compounds, which 
1-20 in (CH3)3CI 


difficulty, while 


rotation. A ratio of 
permits rotation with 
asymmetry to the extent of 1-29 and 1-40 prevents 
rotation. The nitro wider than the 
chlorine atom or the methyl group, but the models 
indicate approximately the same molecular radius 
for C-NOs. Consistent with this is the molecular 
rotation found for (CH3)sCNOs, (CH3)2C(NO¢)s, 
(CH3)eCCl(NOg), and (CH3)eCBr(NOg), although 
the large dipole moment associated with the nitro 


show 
some 


group is 


group might be expected to increase the inter- 
molecular forces somewhat. 


(b) Cylindrical molecules 

The disappearance of molecular rotation with 
increasing departure of the molecules from nearly 
spherical form might seem to imply the restriction 
of rotation in the crystalline state to nearly spherical 
molecules. However, long, more or less cylindrical 
molecules have often been found to rotate around 
the axis of the cylinder). Many substances of the 
general formula CH3(CHe),X, where X = CHs, 
Br, or OH, show rotation around the axis of the 
chain when 1 is large. ‘Thus, many straight-chain 
hydrocarbons from CjgHsg to C4sHgo9 show 
transitions with rising temperature to a phase of 
hexagonal symmetry, in which the molecules are 
thought to rotate around the axes of their chains"), 
Several short-chain alkyl bromides have been 
found to show phase transitions in the crystalline 
state, but their dielectric constants have given 
no evidence of any considerable molecular 
rotational freedom. For n = 4,6,7,8,9,10,11,12,14, 
and 17 in CH3(CHe)nBr, no rotation has been 
found, but for 2 = 21 and 29, rotation around the 
long axis of the extended chain has been found to 
occur, a low-frequency absorption arising from 
rotational jumps between a deep potential energy 
minimum and one of several shallow minima and a 
high-frequency absorption arising from jumps 
minima",?), The long, 
which are 


between shallow 
straight-chain alcohol 
hydrogen-bonded end-to-end, show no rotation 
for m-CgH,7OH, n-CjoHo10H, pure 
n-Cj92H25OH, but rotation with apparent proton 
transfer is found above a monotropic transition 
for n-C;4H29OH, n-CigH330H, n-Co2H450H and 
others.“) Many long-chain esters and ethers also 
give evidence of molecular rotation or segment 
orientation by rotational twisting.!-8) Mgakins®) 
has found that the energy barrier hindering rota- 
tion from one equilibrium position in the lattice 
to another increases linearly with chain length. 
Phase metastabilities often complicate the inter- 
pretation of the behaviors of the substances of 
higher molecular weights. It would appear that the 
shorter molecules in a series may not acquire the 
energy necessary to rotate over hindering potential 
barriers before the melting point is reached. 


two 
molecules, 


and 


(c) Oblate spheroidal molecules 
Because the benzene molecule is non-polar, the 
dielectric constant gives no evidence as to its 
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possible rotation in the crystal, but there is an 
indication of such rotation in the results of nuclear 
magnetic resonance measurements."!) Dielectric 
constant measurements have been made on a large 
number of poly-substituted benzenes with methyl 
and chlorine as the substituents.%+11) When there 
are fewer than five substituents, the molecules can 
pack in the lattice in such a way as to prevent 
rotation. When there are five substituents, the 
molecules rotate above a transition temperature, 
but when there are six substituents, the crystalline 
solids show no transition but rotation with anomal- 
ous dispersion at radio frequencies like that shown 
by organic glasses") and by polar liquids at micro- 
wave frequencies. In the  tetrasubstituted 
methanes, replacement of a chlorine or methy] 
by a nitro group increases the difficulty of rotation. 
In the penta- and hexasubstituted benzenes, the 
effect is more pronounced. 1,2,3,4-tetramethyl-5, 
6-dinitrobenzene and  5-nitro-3,4-dichloro-o- 
xylene show rotation above a transition point, 
but four penta- or hexa-substituted benzenes with 
the nitro group as one of the substituents show no 
rotation. Replacement of methyl by ethyl blocks 
rotation by a protrusion. 

For the hexamethylbenzene molecule, calcula- 
tion gives a van der Waals diameter of 9-66 A 
in the plane of the ring. X-ray analysis) shows that 
the molecules lie in successive layers with their 
molecular ring planes tilted by just over 1° out of 
the (001) crystal planes in which these layers lie. 
As the distance between these planes is only 3-66 A, 
it is evident that molecular rotation can occur 
only in or nearly in these planes, that is, approxi- 
metely around an axis perpendicular to the plane 
of the ring and through its center. The evident 
steric hindrance to rotation by turning out of the 
plane is so great for this crystal lattice that it 
appears safe to attribute practically all molecular 
rotation in these penta- and_hexasubstituted 
benzenes to motion approximately in the plane of 
the ring. In the pentasubstituted methyl chloro- 
benzene molecules, the ratio of the van der Waals 
radius across a substituted position to that across 
the unsubstituted position is 1-43. This is a larger 
ratio than that which prevents rotation in the 
tetrasubstituted methanes, but, although both 
types of molecule are distorted spheres, the shapes 
and the consequent lattice packing are so different 
in detail that the factors determining molecular 
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rotation or non-rotation should be quite different. 
It must be remembered that the axis of rotation 
does not necessarily pass through the central 
carbon atom of the methanes or through the center 
of the benzene ring but rather through a point 
somewhere between the geometrical center and the 
center of gravity of the molecule. 

The actual rotational process in the crystal 
lattice is probably a series of jumps over the 
barriers between potential energy minima. In the 
lattices of the fairly symmetrical hexasubstituted 
benzenes, the levels of the potential energy minima 
should not be very different from one another and 
the barriers between them should not be high. 
The liquid- or glass-like dielectric dispersion 
not 
the 
the 
Co- 


observed for these crystals is, therefore, 
surprising. The unsubstituted position of 
penta-substituted molecules should raise 
potential barriers to such a height that a 
operative loosening of the lattice with consequent 
increase of volume analogous to that occurring 
at the melting point may be necessary for rotation. 
The result is a sharp rotational transition ac- 
companied by change of energy, volume, and 
usually crystal form. 


4. WAXINESS 

In many cases, the solid phases in which di- 
electric measurements showed the existence of 
molecular rotation were not handled in such a 
way as to make possible observation of their 
mechanical properties. The rotator phases of the 
tetrasubstituted methanes, the camphors, and the 
camphor derivatives discussed in the next section 
were observed to be waxy. WHITE and BisHop"®), 
who investigated a large number of polymethylene 
compounds and camphor derivatives, found that 
crystals in which there was no molecular rotation 
at room temperature were relatively hard and 
brittle, while those in which the molecules rotated 
at room temperature were soft and waxy. WHITE 
et al.) found for several of the penta-substituted 
benzenes which have been discussed that the solids 
were brittle below the rotational transitions and 


waxy above them. However, for the hexasub- 


stituted benzenes, which showed anomalous 
dispersion in the crystalline state but no transition, 
the solids were found!) to be brittle at room 
temperature, although the dielectric constants were 


high. Several derivatives of camphane which 
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showed anomalous dispersion but no transition 
were found to be waxy and translucent like the 
high temperature forms of the solids which showed 
transitions. It was stated"), however, that “there 
was some evidence that the failure of the transition 
to appear was due to the presence of solid solutions 
of optical isomers or to the existence of the high 
temperature form in a metastable state at tempera- 
tures below that of its presumed transition”. In 
any event, it seems certain that many solid phases 
showing molecular rotation above a transition are 
waxy, while at least several showing anomalous 
dispersion and molecular rotation are brittle. 
Quantitative that for 
tetrabromomethane, hexachloroethane, d-camphor, 


measurements"2) showed 
and camphoric anhydride, the pressure required 
to deform by a standard amount a sample in the 
non-rotator phase was from 2 to 14 times as great 
as that required in the rotator phase. It has been 
suggested 1%) that the waxiness of the rotator phase 
above a transition is due to the greater volume 
occupied by a somewhat unsymmetrical molecule 
when rotating. The hexa-substituted chloro- and 
methyl benzene molecules are so symmetrical 
around the axis through the center of the ring and 
perpendicular to its plane that rotation can occur 
without appreciable increase in volume and con- 
sequent increase in the molecular mobility, which 


might cause waxiness. 


5. INTERNAL VISCOSITY 

In liquids, dipole orientation, which occurs by 
molecular rotation, has been studied as a relaxation 
process, which, for a spherical molecule in a 
continuous viscous fluid, has a relaxation time 
proportional to the cube of the molecular radius 
and to the internal friction coefficient, or internal 
viscosity of the fluid.“4) Since the molecular radii 
of the spheroidal tetrasubstituted methanes could be 
calculated, it was possible to calculate the internal 
viscosities of these substances in the liquid state 15) 
from the molecular relaxation times determined for 
the liquids"®), ‘The values of the internal viscosities 
thus obtained were only 0-008 to 0-06 of the macro- 
scopic or measured viscosities of the liquids and 
little parallelism was observed between the values 
of the internal viscosity and those of the macro- 
SCOpic Viscosity. 

The dielectric constants and losses at a wave- 
length of 3-2 cm were measured over a range of 
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temperature for several of these substances in the 
solid state.“+13) For (CHg)sCCl, the solid rotator 
phase above the higher transition point showed a 
dielectric constant hardly distinguishable from 
that at low frequency and a loss so close to zero 
that no significant value could be calculated for 
the relaxation time, showing that the internal 
viscosity or resistance to molecular rotation was 
far less than in the liquid state. Just below the 
freezing-point, (CH3)sCBr, (CHs)eCCle, and 
CH3CClg showed almost as low a loss and high 
a dielectric constant as (CHg3)s3CCl, indicating 
much less resistance to rotation than in the liquid, 
but decreasing temperature raised the resistance 
to rotation until, at 20-25° below the freezing- 
point, the internal viscosity was about equal to 
that of the liquid just above the freezing-point. 
The results") on CBrgCle are harder to interpret 
because of the smallness of the molecular dipole 
moment, but the high dielectric constant and small 
loss of the solid just above the rotational transition 
temperature 35° below the freezing-point indicate 
an internal viscosity not far from that of the liquid 
just above the freezing-point. (CH3)2CCINO2 
and (CH3)2C(NOe)2 show an internal viscosity 
close to that of the liquid and increasing only a 
little with decreasing temperature over a range of 
40-55°. 

The 
p-camphor, D,L-camphor, and D,L-isoborneol seem 
to encounter nearly the same resistance to rotation 
in the solid state just below the freezing-point as 
they do in the liquid, the resistance increasing 
gradually with decreasing temperature. In D- 
camphoric anhydride the molecules seem to possess 
slightly less rotational freedom in the solid than in 
the liquid just above the freezing-point but they 
lose little of this freedom as the temperature de- 


large molecules"®) of D,L-camphene, 


creases over an 85° range to the transition point. 


6. CONCLUSIONS 
The factors determining molecular rotation or 
non-rotation in solids are more or less interde- 
pendent. The greater the symmetry about a 


molecular axis, the greater is the probability of 


rotation around that axis or around an axis 
parallel and close to it. Increase in the size of one 
part of a fairly symmetrical molecule, as by re- 
placement of a methyl group by an ethyl, tends to 


block rotation by the introduction of a high and, 
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perhaps, insurmountable potential energy barrier. 
To a much lesser extent, differences in polariza- 
bility between different parts of a molecule, as 
between a fluorine and a bromine atom, and large 
molecular dipole moments may contribute to the 
hindering potential barriers. Among solids which 
show molecular rotation, tremendous differences 
in molecular mobility are observed, as between 
the hexasubstituted benzenes, which show di- 
electric relaxation times of the order of 10~° to 
10-* sec and t-butyl chloride, the relaxation time 
of which is much shorter than 10-12 sec. Waxiness 
or plasticity of crystalline phases tends to be associ- 
ated with short dielectric relaxation times and 
may be speculatively attributed to increased free 


volume possessed by molecules above rotational 


transitions. 
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INTRODUCTION 
‘THE possIBILITy that molecules and ions might 
rotate in crystal lattices seems to have been first 
raised by Simon") to account for transitions in 
solids at which a low-temperature form of com- 
paratively low symmetry changes into a high- 
temperature form of higher symmetry. Partly 
because of the development of this idea by 
PauLING®), and partly because some of the facts 
and gradual) can 
assumed that the 


about transitions (both sharp 
be plausibly explained if it is 
passage from the low-temperature form to the 
high-temperature form is associated with the onset 
of free rotation of molecules or ions, belief in the 
reality of such free rotation became rather wide- 
spread, and many transitions in solids came to be 
described as rotational transitions. Though the 
energy barrier preventing the free rotation of a 
molecule or ion in a lattice is often relatively low, 
so that these particles can rapidly switch from 
one orientation to another, the 
number of solids for which it has been convincingly 
established that the molecules or ions rotate in 
them with virtually the same complete freedom 


nevertheless 


as molecules in the gaseous phase is still very 


small 


CLATHRATES 

One method of investigating the motion of 
molecules or ions in a lattice consists simply in 
an analysis of the heat capacity of the solid, since 
in general the contribution to the heat capacity 
will differ according to whether the particles are 
freely rotating or executing torsional oscillations. 
The method can be applied in a particularly 
direct way to the so-called clathrates. Typical 
clathrates are those formed by quinol. This 
substance can crystallize in a stable «-form or an 
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unstable f-form, both being hydrogen-bonded 
structures. In the f-form there are quite large 
holes (~ 8 A diameter) regularly situated through- 
out the lattice, there being one hole to three 
quinol molecules. By producing the f-quinol in 
the presence of sufficiently small molecules (e.g. 
by carrying out the crystallization in the presence 
of, say, argon, methane under 
pressure), these molecules can be trapped in the 
cavities. Since a hole cannot accommodate more 
than one molecule, the existence of such clathrates 
makes it possible to study the behaviour of mole- 
cules trapped individually in almost spherical 
cells. If the molecules are small enough, the holes 
are not distorted. If it is assumed that the trapped 
molecules do not affect the heat capacity of the 
quinol lattice itself, then the contribution C4 made 
by a mole of them to the heat capacity of the 
clathrate is given by the difference in Cy of three 
moles of 8-quinol (with the holes empty) and Cp 
for the same amount of f-quinol with all the 
holes filled. Since the pure f-quinol is rather 
unstable, but much less so if even a few of the 
holes are filled, and since it is not always possible 
to fill all the holes, in practice it is better to make 
Cy measurements on two or preferably more 
clathrates of different compositions, and to derive 
C4 from isothermal plots of the heat capacity 
against the fraction of holes filled. This has been 
done for the methane clathrate from 14 to 298°K. ®) 
To examine the rotational or torsional movement 
of the methane molecules it is then necessary to 
allow for the contribution Cyjp made to C4 by the 
vibrational (or quasi-translational) movement of 
each molecule within its cell. This can be done 
by the theory of VAN DER WaALs"™) (essentially an 
application of the Lennard-Jones—Devonshire cell 
model), the reliability of which we have adequately 


nitrogen, or 
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confirmed by studies of the argon and krypton 
clathrates,®) for which, of course, C4 = Cyip. 
The results for the methane clathrate are shown 
in Fig. 1, from which it can be seen that when Cyipn 
has been subtracted from C'4 (and a small allowance 
made for the contribution Cin; from the internal 
vibrations of the methane molecules), the re- 
mainder, Cot, has from about 150°K upwards 
(and possibly at still lower temperatures) the 
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large as methyl alcohol and acetonitrile can occupy 
the holes in £-quinol, but now there is some dis- 
tortion of the cavities and the rotation of the 
molecules in them may be seriously impeded. 


AMMONIUM SALTS 
The particle which has been most thoroughly 
investigated with regard to its possible rotation in 


crystal lattices is the ammonium ion, especially 
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Fic. 1. Graphical analysis of the contribution per mole of methane to 
the heat capacity of the methane—quinol clathrate. Upper curve, full 
circles, the total contribution C4. Crosses, the calculated contribution 
from the vibration of the methane molecules in the cavities, Cyip. 
Bottom curve, full circles, the contribution from the internal vibrations 


of the methane molecules, Cjnt. Open circles, Crot, = 


Ca —Cvivn—Cint. 


The dotted line is drawn at :R. 


value of $R, within experimental error, thus 
showing that at higher temperatures the molecules 
are virtually rotating freely. (The analysis of C4 
cannot be reliably extended to lower temperatures 
as VAN DER WAALS’ treatment only holds in the 
“classical”? region). A study has also been made, 
but by a different method, of the oxygen clathrate. 
Meyer et al.‘6) showed that the magnetic suscepti- 
bility of the oxygen from 0:25 to 20°K could be 
accounted for if the rotation of the molecules is 
hindered by an energy barrier of 128 cal/mole. 
This means that the trapped molecules must have 
almost complete rotational freedom at ordinary 
temperatures. Thus the methane and oxygen 
quinol clathrates provide examples of lattices in 
which molecules may really be said to rotate, and 
other quinol clathrates with small molecules are 
probably similar in this respect. Molecules as 


in the ammonium halides. In the simple” cubic 
forms of these salts the ammonium ion does not 
freely rotate, but in the face-centred forms stable 
at higher temperatures it undergoes almost free 
rotation about one N-H bond. This ion might 
however achieve approaching 
three-dimensional rotation in lattices in which the 
field of force acting on it is very symmetrical. 
We have recently tried to elucidate its motion in 


something free 


ammonium stannichloride and stannibromide. (7) 
These salts are isomorphous with the rubidium 
compounds and the ammonium and rubidium 
salts with the same anion have almost identical 
lattice dimensions. It is therefore reasonable to 
suppose that the quantity 


(Cint being the small calculable contribution from 
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the internal vibrations of the ammonium ions) is 
the heat capacity contribution from the torsional 
oscillation or rotation of the ammonium ions, (at 
least at higher temperatures at which the lattice 
vibrations effectively make their limiting maximum 
contribution). The and _stanni- 
bromide were chosen for study because the 


stannichloride 


ammonium ion has a very symmetrical environ- 
ment in both salts, having as nearest neighbours 
twelve equidistant halogen atoms which cannot 
carry such high charges as monatomic halogen 
ions. The plot of ACy against temperature for 
the stannichloride is shown in Fig. 2. The mini- 


= or Caen Manin Dee GARREA BUR, 


t 
Temperoature, °K 
Fic. 2. Plot of ACp(NHa—Rb) against temperature. 
AC,(NHa—Rb) is the difference between the molar 
heat stannichloride and 
rubidium stannichloride, less the contribution from the 


capacities of ammonium 


internal vibrations of the ammonium ions. 


mum at low temperatures is due to the difference 


in the contribution from the lattice vibrations 


arising from the difference in mass of the cations. 


At higher temperatures ACp passes through a 
maximum and then falls, reaching at room tem- 
perature a value about half-way between 3R and 
6R. (Ammonium stannibromide has a A-point at 
144-8°K. Above this, AC follows much the same 
course as for the stannichloride.) ‘The passage of 
AC, through a maximum and its subsequent 


decrease towards 3R is the behaviour to be ex- 
pected if the barrier to rotation of the ammonium 
ions is fairly low. Since ammonium stannichloride 
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has no transition the system is a comparatively 
simple one in which the barrier to rotation should 
not change much with temperature. In this respect 
the ammonium ion in such a salt is more like 
the molecule trapped in the clathrate than the 
molecule in a one-component solid such as solid 
methane or carbon tetrachloride, where the 
rotation of any one molecule must naturally affect 
and be affected by the behaviour of its neighbours. 


METHANE 

The difference or comparative methods just 
described cannot be applied when the lattice 
contains one kind of particle only (as in a one- 
component molecular solid), but in principle 
whether the molecules in such solids are rotating 
or not can be investigated by analysing the heat 
capacity at constant volume C,. It is therefore 
necessary to know Cy, the coefficient of expansion 
z, and the isothermal compressibility f, so that Cy 
can be derived from the relation 


Cp—Cy = Tx?2V/B 

Values of « and more particularly of f are un- 
fortunately seldom available for molecular solids. 
Nevertheless, an early application of this method 
was made by EuckeN and VeirH®) to methane, 
using some rather meagre information on the 
lattice dimensions to and one direct 
value of (0p/0T),. On deducting from the values 
of C, the contribution from the lattice vibrations 


assess 4, 


(evaluated from a plausible estimate of the Debye 
frequency), the residual heat capacity Cryo agreed 
closely with that calculated for the rotational 
heat capacity of gaseous methane, assumed to be 
the equilibrium mixture of the three types of 
molecule. Cro¢ is 3:5 cal/mole deg at 30°K and 
decreases with increasing temperature. At the 
melting-point it is within a few per cent of the 
limiting classical value of 2R, indicating that the 
molecules are undergoing almost free rotation. 
The molecular movement in solid tetradeutero- 
methane (considered in preference to CH owing 
to the smaller susceptibility of CD4 to quantum 
effects) has recently been the object of a very 
thorough _ theoretical JAMeEs and 
KEENAN.) ‘They conclude that even in the high- 
temperature phase of CD4, owing to octupole- 
octupole interaction rotation of the molecules is 


study by 


not completely free, though from the heat capacity 
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Melting-point 
ASm 
Transition temperature 
AStr 
Critical temperature 
Critical volume 
Critical pressure 
Quadrupole moment (a) 


(a) From microwave collision br« 
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Some properties of nitrogen and carbon monoxide 


CO 





68-09°K 

2-93 cal/mole deg 
61:°55°K 

2:46 cal/mole deg 
134°K 

90 cm3/mole 

35 atm 

1-62 X 10-6 e.s.u. 
1:71 X10-°6 e.s.u. 


yadening. 


») From lattice energy calculations. 
b) I latt y calculat 


analysis for CH4 it seems certain that the energy 
barrier to rotation must be small. ‘They reach the 
interesting conclusion that in phase II of CD, 
(the phase stable below the upper transition tem- 
perature), one molecule in four rotates quite 
freely; its nearest neighbours oscillate, but do not 


rotate. 

It is worth noting that the entropy of fusion 
ASm of CH4 (2:48 e.u.) is nearly 1 e.u. smaller 
than that of the rare gases, and that AS» for SiH4 
and GeH,g is still lower (1:80 and 1-86e.u. re- 
spectively). Probably in the high-temperature forms 
of the last two hydrides molecular rotation is 
also virtually free. 


NITROGEN AND CARBON MONOXIDE 

An attempt can also be made to analyse the 
heat capacity of solid nitrogen. In ‘Table 1 some 
properties of this element are compared with 
those of carbon monoxide. There is a close similar- 
ity between these two substances, and any con- 
clusions reached about the molecular movement 
in solid nitrogen will probably also apply to carbon 
monoxide. Both substances show a transition below 
which they exist in a face-centred cubic «-form 
in which the molecules are orientationally ordered. 
In the high-temperature hexagonal f-forms the 
molecules are either rotating or at least orientation- 
ally disordered. It is worth noting that the «-— £ 
transition temperature for carbon monoxide is 
considerably higher than that for nitrogen. From 
recent experimental work by SwENsON"®) on the 
effect of pressure on solid nitrogen an estimate 
can be made of the compressibility at zero pressure. 


At 53°K, this is 7-2x 10-5 atm-!. As SwENson 
himself indicates, the values of the limiting com- 
pressibilities to be derived from his work are 
probably not very accurate. But since a direct 
determination") of the compressibility of nitrogen 
at a much lower temperature (4°K) gave a value of 
5:2x10-° atm, and since the compressibility 
should decrease with falling temperature—that of 
argon drops by 30 per cent from 77 to 65°K—it 
is unlikely that the figure quoted for 53°K is 
seriously too small. Combining this with a value of 
a of 1-73x10-% derived from density measure- 
ments,"2) (Cp—Cy,) at 53°K is found to be 
1-54 cal/mole deg, which gives A = 2:76x 10-4 
in the equation Cy—C, = ATC”. Using this 
equation and GIAUQUE and CLAYTON’s Cy values, 13) 
C, has been estimated at 40, 50 and 60°K. The 
contribution C; from the lattice vibrations has been 
evaluated from a Debye function with @p = 79°, 
this value being derived from the equation 
Op = 1634/(Tm/MV?’) 
melting-point, J = molecular weight, 
which gives good agreement 


(Tm 
V = molar volume), 
with the experimental @p values for argon, krypton, 
and xenon, 14) 

The results of this analysis for the $-form of 
nitrogen are shown in ‘Table 2. Admittedly this 
analysis is rather rough, but the values of Cyo¢ are 
so far above that of ~ 2 cal/mole deg for free 
rotation that it is unlikely that the uncertainties 
in a, 8, and @p falsify the obvious conclusion that 
even in the £-form of nitrogen the molecules do 
not rotate, but rather still undergo torsional 
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Table 2. Analysis of the heat capacity (in cal/mole 
deg) of the B-form of solid nitrogen. C\ = con- 


60°K 


10°92 


8-96 


oscillations. This inference is consistent with the 
fact that the volume change for the « > f transi- 
tion is so small,“0) ~ 0-22 cm*/mole, that it 
could scarcely be expected to make any difference 
to the movement of the molecules. (For carbon 
monoxide, the volume change at the transition is 
~ 1-0 cm/mole.) The molar volume of f-Nge at 
60°K is 29-3 cm’. That for freely rotating mole- 
cules (estimated"5) from the distance of closest 
approach in «-Ne at 4°K) would be 39 cm’. 

The tendency for homopolar diatomic molecules 
to adopt preferred orientations with respect to each 
other could arise either from anisotropy in the 
dispersion forces or from quadrupole—quadrupole 
interactions. (The same is true for carbon monox- 
ide molecules, for which the dipole moment 1s so 
that its orientating influence is quite 
negligible). According to the calculations of 
JENSEN and pe Wertre,"® it is the quadrupole 
effect which is the more important. pe Wetre?) 
has shown that the transition temperature has a 


smal] 


sensitive dependence on the quadrupole moment 
and that the difference in the latter for nitrogen 
and carbon monoxide (see Table 1) could account 
for the considerable difference in the transition 
temperatures. 

Information on the rotational 
the molecules of a substance in the liguid state 
may help in elucidating their motion in the solid, 
in that if it can be shown that rotation in the liquid 
state is not free, then a fortiori it must be hindered 
in the solid. Some insight into the relative degrees 
of order and molecular freedom in different liquids 


movement of 


may be gained by a comparison of their entropies 
of vaporization. According to Hildebrand, the 


comparison should be made at a fixed value of 
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the molar volume of the vapour, i.e. at a fixed 
value of p/T, where p is the vapour pressure of the 
liquid at 7°K. In Fig. 3, the entropies of vaporiza- 
oxygen, carbon monoxide, 


tion of nitrogen, 
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2 
p/T, (p mmHg) 

Fic. 3. Plot of AS» (the molar entropy of vaporization) 
against p/T. (p = vapour pressure in mmHg, JT = 
absolute temperature). @ nitrogen; (} carbon monoxide; 
@ oxygen; @ germanium hydride; © methane; 

x xenon; + krypton. 

methane, germanium hydride, krypton, and 
xenon are plotted against p/7. The points for the 
diatomic liquids tend to fall on one curve, and 
those for the with monatomic or 
tetrahedral molecules on another, lower curve. 
In liquid methane molecular rotation must be 


substances 


effectively free, since, as we have seen, this appears 
to be so even in the solid near the melting-point. 
The simplest explanation of Fig. 3 is therefore 
that in the diatomic liquids that part of the entropy 
associated with molecular rotation is significantly 
below the value for free rotation. At the melting- 
points of nitrogen and carbon monoxide the deficit 
is about 1-5 e.u. 

Confirmation that in liquid nitrogen and 
carbon monoxide orientational forces are still 
important is provided by a recent study of the 
thermodynamic properties of liquid mixtures of 
these two substances. Their critical constants are 
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Table 3. Analysis of the heat capacity (in cal/mole deg) of carbon 
tetrabromide above and below the transition at 46:9°C. Cint = 
contribution from the lattice vibrations. C Vreg = Cy—Cint 
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so alike (Table 1) that on recent theories of solu- 
tion,“8) based on the principle of corresponding 
states, it would be expected that nitrogen—carbon 
monoxide mixtures would be almost ideal. In 
fact, the equimolar mixture is formed with a 
0-35 per cent increase in volume and has at 84°K 
a vapour pressure 3-3 per cent greater than the 
ideal value.“9) These departures from ideality 
(which are of the same order as those shown by, 
for example, argon—-oxygen and argon-—nitrogen 
mixtures) would therefore seem to depend on 
factors which have a much smaller influence on 
the critical constants. The tendency already noted 
for the molecules to adopt preferred orientations 
with respect to each other owing to quadrupole 
interactions could be important at lower tempera- 
tures but negligible in the relatively expanded 
condition of the fluids at the critical point. 


CARBON TETRAHALIDES 

Carbon tetrafluoride, tetrachloride, and tetra- 
bromide all undergo transitions and have compara- 
tively low entropies of fusion. ‘The transition tem- 
perature for the tetrabromide (46°87°C) is con- 
veniently situated for making thermodynamic 
measurements on both the high and low tempera- 
ture forms. A few years ago we measured Cp, the 
coefficient of expansion « and the isothermal 
compressibility 8 for this substance above and 
below the transition and so estimated Cy.) The 
results are shown in Table 3. The lower three 
temperatures are those at which 8 was measured. 
The estimates of (Cp—C,) at the two higher 
temperatures were made from the relation 
Cyp—Co = ATC,?, where Cc, = Cp—Cint, Cans 
being the contribution from the intramolecular 
vibrations, using the concordant values of A 


uunuw- | 


obtained by applying this relation to the data for 
the two higher temperatures at which f was 
measured. The values of Cy, in Table 3 give 
the sum of the contributions from the lattice 
vibrations and the torsional oscillations. It is clear 
that the molecules do not freely rotate even in the 
high-temperature form, which would require that 
the maximum value of Cy, would be 2, and in 
fact there is scarcely any change in Cy. at the 
transition even though this occurs with a volume 
increase of ~ 7 per cent. Nevertheless, there is a 
significant fall in Cr, 6 as the melting-point is 
approached, which implies that the barrier to 
rotation cannot be very high. Probably the same 
state of affairs prevails in the other carbon tetra- 
halides, for there is a close correspondence in the 
thermodynamic characteristics of transition and 
fusion in these substances, as is shown by Table 4. 
It has in fact recently been stated!) that the 
X-ray diffraction pattern of the high-temperature 
form of carbon tetrachloride cannot be satis- 
factorily accounted for quantitatively on the basis 
that the molecules are freely rotating. In any case, 
the molar volume of this form of the tetrachloride 


Table 4. A comparison of the transitions in carbon 
tetrafluoride, tetrachloride and tetrabromide. Ttr/Tm 
is the ratio of the transition temperature to the 
melting-point. The entropy changes are in cal/mole 


0-901 
4°86 
2-40 
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is less than that needed for true free rotation by 
somewhere between 20) and 40 per cent, depending 
on the estimates used for the van der Waals radius 
of the chlorine atom. Perhaps in solid neopentane 
near the melting-point there is a closer approach 
since the molecules have no 


to free rotation 


strongly polar bonds. It may be noted, however, 


that the molar volume of lead tetramethy] is less by 
2 to 3 per cent than that of tin tetramethyl, both 
in the solid and liquid states, '2) in spite of the 
fact that the Pb—C bond is longer than the Sn—C 
bond. This is a clear indication of molecular 
interlocking, which must effectively prevent the 
molecules in the solids from gaining orientational 
freedom, unlike the solid 


forms of lead and tin tetramethyl have no transi- 


since, neopentane, 


tions and melt with entropies of fusion of 10-62 


and 10-34 e.u. respectively. °°) 
CONCLUSION 

To sum up, the impression given by a considera- 
tion of the few systems where a thermodynamic 
analysis can be carried out is that it is possible for 
molecules to rotate in crystal lattices with almost 
complete freedom, examples being the oxygen and 
methane molecules in the quinol clathrates and the 
molecules in solid methane near the melting-point, 
but that such almost free rotation is probably 
rare, and is not necessarily guaranteed by a com- 
bination of a low entropy of fusion and a high 
degree of molecular symmetry. Nevertheless, there 
are undoubtedly numerous crystals in which in the 
form stable just below the melting-point the mole- 
cules have considerable orientiational freedom. In 
such crystals the torsional movement of the 
molecules must be a co-operative matter of some 
complexity, which can scarcely be adequately 
treated as hindered rotation with an almost 
constant energy barrier. Possibly molecular re- 
orientation in such lattices is connected with the 
comparative ease of diffusion known to prevail 
in solids of low entropy of fusion, in that two 
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molecules simultaneously rotate round a common 
centre, thereby changing places in a manner 
recalling Eyring’s theory of viscous flow in 
liquids. 
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SOME OBSERVATIONS ON PHASE TRANSFORMATIONS 


IN MOLECULAR CRYSTALS 


G. B. GUTHRIE and J. P. McCULLOUGH 


Abstract—This paper illustrates the use of calorimetric data in interpreting phase behavior in 
molecular crystals. Values of entropy of transition are used to estimate the number of distinguishable 
molecular orientations in a disordered phase, and symmetry and steric considerations are used to 
find a reasonable description of these orientations. As the number of molecular orientations in a 
plastic crystal is 10 or higher, it is proposed that orientations occur in which less than the full mole- 
cular symmetry is displayed at lattice sites. Thus, a molecule of tetrahedral symmetry may assume 
two orientations in which the common molecular and lattice symmetry elements belong .o the 7@ 
point group and an additional eight with the elements of C3». From this consideration, the entropy 
of transition for typical tetrahedral molecules is calculated to be R In 10 (4°58 cal deg! mole?), in 
accord with experimental evidence. Molecules of approximately tetrahedral shape but less than 
tetrahedral symmetry form plastic crystals with disorder corresponding to the same ten orientations 


plus additional disorder due to the lower molecular symmetry. 


INTRODUCTION 

A PHASE transformation in a molecular crystal is a 
little like the elephant in the fable of the blind 
men—it shows different aspects depending on 
how it is approached. Thus, complete under- 
standing of a phase transformation requires in- 
vestigation of its various aspects by various 
approaches. Only a few phase transformations 
have been studied thoroughly enough by enough 
methods that the molecular processes involved 
may be described satisfactorily. Studies of crystal 
structure, dielectric constant, volumetric be- 
havior, nuclear magnetic resonance spectrum, and 
thermal properties usually are needed to elucidate 
the most important aspects of a phase change in a 
molecular crystal. Seldom are more than one or 
two of these techniques available in one laboratory 
for study of a particular substance. 

Studies of the change of thermal properties in 
the course of a phase change give valuable infor- 
mation about some aspects of phase behavior. As 
part of a program primarily to determine entropy 
values by the Third Law, the Bureau of Mines 
has made precise calorimetric studies of about 
thirty pure organic substances that undergo solid— 
solid phase transformations.“!) Some of the results 
obtained by the Bureau during the last 17 years 
will be used in speculations about the nature of 


] 


“plastic crystals and rotation in the solid state.’ 
Ordinarily, such speculations based mostly on 
thermal data are avoided in public, but they are 
made here to show what can be done and to 
suggest fruitful subjects for research by non- 


thermal methods. 


CALORIMETRIC STUDIES OF PHASE TRANS- 
FORMATIONS 

Most of the experimental data on which this 
paper is based were determined by the method of 
adiabatic calorimetry described by HUFFMAN and 
coworkers.) Precise measurements were made of 
heat capacity and the latent heats and temperatures 
of phase changes in the range 10-400°K. From 
the results, the enthalpy, entropy and free energy 
of crystalline and liquid phases were calculated. 
Such phase 


transformations in a precise quantitative way and 


thermodynamic data characterize 


provide a sensitive tool for use in both formulating 
and testing theoretical interpretations of trans- 
formation processes. 

Thermal data are particularly useful in inter- 
preting solid—solid transitions in which order- 
disorder effects are predominant. For such 
transitions the entropy change approximates R 
In Q, where Q is the ratio of the number of states 
of disorder statistically occupied in the two phases. 
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If the number of states of disorder is known for 
any phase (usually the ordered phase at 0°K), the 
approximate numbers of states, N, in any other 
phase can be deduced. The problem of interpre- 
tation thus consists of finding, by stochastic 
means, a reasonable set of N states of disorder 
distinguished by displacement of the molecular 
center of gravity, over-all molecular orientation, 
and internal molecular conformation. To illustrate 
the method clear-cut examples of order—disorder 
transitions involving over-all orientational and 
conformational disorder will be discussed first. 


INTERPRETATION OF SIMPLE ORDER- 
DISORDER TRANSITIONS 

Thermal data for transitions observed in benzo- 
thiophene®’ and cyclopentyl-l-thiaethane®) are 
listed in Table 1, along with values of N deduced 
from consideration of the molecular symmetry and 
observed entropy changes. Benzothiophene under- 
goes a non-isothermal transition in the range 
250-262°K with an entropy change equal to R In 4 
(2-75 cal deg-! mole“) within experimental error. 
The disorder in the high temperature phase has 
been interpreted) by assuming that the molecule 
acquires the pseudo-symmetry of naphthalene by 
occupying at random any one of four distinguish- 
able orientations obtained by rotation about two 
perpendicular axes. 
Lhe transformation process in benzothiophene 
involves changes in the over-all orientation of the 
molecule at a lattice site, but that in cyclopentyl-1- 
thiaethane probably involves a different kind of 
orientational disorder. The entropy of transition 
in this compound is about R ln 2 = 1-38 cal deg 
mole~!. A likely interpretation of this transforma- 
tion is that it involves a statistical distribution of 


molecules in the high-temperature phase between 
two skew conformations obtained by restricted 
rotation of the thiaethyl (—SCHs) group relative 
to the cyclopentyl group. This disordering may 
be called intramolecular orientational disorder or 
conformational disorder. 

The transitions in these two compounds are 
typical of the simple order—disorder phenomena 
that can be interpreted with thermal data alone. 


INTERPRETATION OF TRANSITIONS IN 
PLASTIC CRYSTALS 


Before speculating about molecular disorder in 
plastic crystals, it is instructive to examine the 
data on entropy of phase transformation for a 
group of tetrahedral, or neopentane-like, mole- 
cules, summarized in Table 2. This summary 
shows that the total entropy of phase change is 
about the same for most members of the group. 
The same is true of other groups of molecules 
with similar shapes, such as the oblate ellipsoidal 
like cyclohexane, the prolate ellipsoidal like 
2,2,4,4-tetramethylbutane, and the pear-shaped 
like 2,2-dimethylbutane. The fact that the entropy 
of phase change is about constant in each group 
means that, in general, similarly shaped molecules 
can assume the same number of distinguishable 
orientations in the liquid and, therefore, in plastic 
crystals with low entropies of fusion. 

Thus, it should be possible to find a set of dis- 
tinguishable orientations characteristic of each 
kind of molecule. The high entropy of transition 
typical of plastic crystals indicates that the number 
of such orientations, N, is too large to be explained 
by the simple method used for benzothiophene. 
One method of finding larger sets of reasonable 
orientations will now be described. 


Table 1. Simple order—disorder transitions 


Compound T?; 


K 


cal deg-! mole-} 


AS?, RinN, 


cal deg! mole-! 








2624 
165-0 


Benzothiophene 
Cyclopentyl-1-thiaethane 








® The transition temperature. » The entropy of transition. © The ratio of the number of distinguishable 
orientations available to a molecule in the two phases. 4 Temperature of complete transformation for non- 


isothermal transition. 
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Table 2. Phase transformation data for tetrahedral molecules 








ZAS?, cal deg-! mole! 








ZAS;+AS°?,, cal deg-! mole-1 





Substance 
observed 


corrected¢ observed corrected® 





Carbon tetrachloride 4-91 
Carbon tetrabromide4 
Neopentane 
Methylfluoroform 
Methylchloroform 
2-Methyl-2-propanethiol 














4°91 














*Sum of transition entropies. » Entropy of fusion. * Corrected for symmetry. 4 Ref. (7) and HILDEBRAND 
J. H. and Scotr R. L., Solubility of Non-Electrolytes, p. 59. Reinhold (1950). @ Does not include an estimate 
of the entropy of transition associated with regions of high heat capacity. 


Method of finding distinguishable orientations in 
crystal lattices 

About each lattice site in a crystal there is a 
volume or cavity shaped by the spheres of influ- 
ence of molecules at nearest neighboring lattice 
sites. A molecule will fit into this cavity with its 
knobs and ridges fitting into the pits and valleys 
of the cavity like a key and lock. The angular 
locations of the pits and valleys of the cavity may 
be described in terms of the symmetry elements 
of the lattice; and the directions of the knobs and 
ridges of the molecules may be described by the 
approximate symmetry elements of the outermost 
atoms of the molecule. Thus, molecular orientations 
that are energetically favorable usually will be 
among those for which the approximate symmetry 
elements of the molecule are aligned with the 
symmetry elements of the lattice. That is, for 
favorable orientations the effective point symmetry 
of the molecule will be a sub-point group of the 
crystal symmetry at the lattice site. 

The number of possible distinguishable orien- 
tations can thus be estimated from symmetry con- 
siderations. However, steric factors will cause 
some orientations to be energetically favored over 
others. In general, the more favorable orientations 
will be those with more correspondence between 
lattice and molecular symmetry elements. The 
method of finding available distinguishable orien- 
tations proposed here consists of finding the total 
number of ways the approximate symmetry ele- 
ments of a molecule can be aligned with those of a 
lattice site without unfavorable steric interactions 


with neighboring molecules. This method will 
be illustrated, first, with an interpretation of the 
phase transformation in a globular molecule; next, 
with an interpretation for tetrahedral molecules 
in general; and finally, with a detailed discussion 
for a specific tetrahedral molecule. 


Application to bicyclo(2,2,1)heptane 


Bicyclo(2,2,1)heptane undergoes two noniso- 
thermal transitions.'4) The temperatuses at which 
maximum energy absorption occurs and the en- 
tropies of transition are: 131-5°K and 7-53 cal 
deg! mole!; and 305-8°K and 0-06 cal deg-! 
mole-!, 

The symmetry of bicycloheptane is Coy, but 
this nearly spherical molecule has the approximate 
Ds, symmetry of one conformation of bi- 
cyclo(2,2,2)octane. Although the crystal structure 
of bicycloheptane is not known, it probably forms 
a plastic crystal of the cubic type with each mole- 
cule located at a site of O, symmetry. The most 
likely distinguishable orientations of a D3, mole- 
cule at an Oy lattice site are those with the 3-fold 
molecular axis aligned with each of the four 3-fold 
axes of the lattice. As the molecular axis may be 
aligned with each lattice axis in two ways differing 
by 60° rotation about the 3-fold molecular axis, 
there are eight such orientations. Other orienta- 
tions will align dissimilar symmetry elements and 
should be less favorable energetically; that is, the 
fit of molecular knobs and ridges to lattice pits and 
valleys will be poorer. 
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Because the symmetry of bicycloheptane actually 
is C2», this molecule has three orientations for 
each orientation of a Dg, molecule. Therefore, it is 
postulated that molecules in the high temperature 
phase are randomly oriented among 3x 8 = 24 
distinguishable positions. The calculated entropy 
of transition is Rln 24 = 6:32 cal deg-! mole™, 
about 1 cal deg-! mole~! less than observed. Part 
of the additional observed entropy may be due to 
the availability of distinguishable orientations 
other than those considered. However, some en- 


tropy increase must be included for increased 


over-all libration of molecules at lattice sites in the 
high temperature phase. For a molecule as nearly 
spherical as bicycloheptane, a librational entropy 
of 1 cal deg! mole~! is not unreasonable. 

The very small transition at 306-5°K cannot be 
interpreted from thermal data, but it may repre- 
sent a transition between body- and face-centered 
cubic lattices, which does not involve an increase 
distinguishable molecular 


in the number of 


orientations. 


Application to tetrahedral molecules 

The tetrahedral, or neopentane-like, molecules 
form a group of plastic crystals with phase behavior 
that can be interpreted by the method just de- 
scribed. Such molecules may be expected to form 
close-packed crystals in the cubic or hexagonal 
systems. ‘I’o obtain the number of distinguishable 
orientations available to a molecule in these crystal 
systems, the orientations of a strictly tetrahedral 
molecule will be considered first. There are four 
sets of orientations in which two or more corres- 
ponding symmetry elements coincide in the cubic 
system and one such set in the hexagonal system. 
They are described as follows: 

Cubic Tq Set. Each 3-fold axis of the tetrahedron 
is aligned with a 3-fold axis of the cubic lattice, 
each 2-fold axis is aligned with a 4-fold axis of the 
lattice, and all six tetrahedral mirror planes co- 
incide with the diagonal mirror planes of the 
lattice. This set of common symmetry elements 
has Tq symmetry. Fig. 1(a) shows one of two such 
distinguishable orientations. 

Cubic Dog Set. One 2-fold tetrahedral axis is 
aligned with a 4-fold lattice axis, the other 2-fold 
tetrahedral axes are aligned with 2-fold lattice 
axes, and the tetrahedral mirror planes are aligned 
with two vertical and four diagonal mirror planes 
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of the lattice. The symmetry of these common 
elements is Dog. There are six orientations in this 
set, one of which is shown in Fig. 1(b). 

Cubic C3, Set. Another set of orientations in- 
volves coincidence of one 3-fold tetrahedral axis 
with a 3-fold lattice axis. Members of this set are 
obtained by rotating one of the 7g orientations by 
60° about one 3-fold axis so that three tetrahedral 
mirror planes coincide with diagonal mirror planes 
of the lattice. ‘The symmetry of this set of common 
elements is C3,. ‘There are eight such distinguish- 
able orientations, one of which is shown in 
Fig. 1(c). 

Cubic Co, Set. A 2-fold tetrahedral axis is 
aligned with a 2-fold lattice axis and the two cor- 
responding tetrahedral mirror planes coincide 
with a horizontal and a diagonal mirror plane of 
the lattice. These elements form the point group 
C2», and there are twelve distinguishable orienta- 
tions, one of which is shown in Fig. 1(d). 

Hexagonal C3, Set. ‘There is only one acceptable 
set of distinguishable orientations of a tetrahedron 
in a hexagonal closest-packed structure. One 3-fold 
tetrahedral axis is aligned with a 6-fold axis of the 
lattice, and three tetrahedral mirror planes coin- 
cide with lattice mirror planes, forming a group 
with C3, symmetry. One member of the set of four 
such orientations is shown in Fig. 1(e). 

Each of the foregoing sets of orientations in- 
volves coincidence of two or more symmetry ele- 
ments and fixed location of the molecular centers. 
Although other may be 
obtained by relaxing these restrictions, the five 


sets of orientations 
sets described are enough to discuss the phase be- 
havior of tetrahedral molecules. The pseudo- 
symmetry of each complete set is that of the lattice 
site, but except for the Tq set, the individual 
members of each set display less than the full 
molecular symmetry. Inclusion of orientations in 
which a molecule does not display its full symmetry 
is the key to finding enough orientations to account 
for the high degree of disorder in plastic crystals. 

There is no direct way of obtaining quantitative 
estimates of the relative stability of systems in the 
four cubic sets of orientations, but qualitative 
estimates may be made from steric and symmetry 
considerations. Steric considerations show that the 
Ta, Czy and C2y sets probably are favorable orienta- 
tions in a face-centered lattice but that the Deg set 
probably is favored in a body-centered lattice. Of 
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Hex Cay 


Fic. 1. Representative orientations of tetrahedral mole- 


cules at lattice sites. 


the sets most likely for a face-centered lattice, the 
order of relative stability is assumed to be 
Ta > C3y > Coy, in the order of decreasing corre- 
spondence of molecular and lattice symmetry 
elements. These assumptions will be used in the 


following discussion of the phase behavior of 


tetrahedral molecules. 

Most of the tetrahedral compounds in Table 2 
undergo a single solid—solid phase transformation 
and, except methylfluoroform, form a plastic 
crystal probably of face-centered cubic structure. 
The entropy of transition in carbon tetrachloride) 


and carbon tetrabromide™) is just under 5 cal 
deg! mole. If allowance is made for the signifi- 
cant “pretransition’’ that occurs in neopentane, ‘° 
the total entropy of transition in this compound 
also is near 5 cal deg! mole~!. Further, the 
entropy of transition in methylchloroform™) is 
about the same if Rln 4 = 2-75 cal deg! mole! 
is subtracted to allow for the extra disorder this 
molecule can acquire by random orientation of the 
methyl group toward the corners of a tetrahedron. 
Methylfluoroform and 2-methyl-2-propanethiol 
are special cases that will be discussed later. 
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From the foregoing considerations, it is con- 
cluded that the entropy of transition in a typical 
tetrahedral molecule is about 5 cal deg-! mole, 
or of the order of R In 12 (4-94 cal deg“! mole“). 
Thus, the maximum disorder of molecular tetra- 
hedra that can occur will involve random orienta- 
tion among 12 distinguishable positions. The 


I51.6° 
n 


150 
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Probably the small size of the fluorine atom and 
the more polar nature of the C-F bond restrict 
the number of stable orientations. However, the 
fact that the sum of entropies of fusion and 
transition in methylfluoroform is about the same 
as those of the other compounds shows that it is 
equally disordered in the liquid phase. 


| 
@ 


il 
a 
INSTANT, € 


CC 


200 


TEMPERATURE, °K 


Fic. 2. 


2-propanethiol: solid 


lines, estimated ‘‘normal’’ 


Heat capacity and dielectric constant of 
lines, observed heat capacity: dashed 
heat capacity, and dotted 


2-methyl- 


lines, 


dielectric constant. 


cubic Coy set of orientations would allow this 
much disorder, but the entropy remaining is too 
small to account for the increased librational free- 
dom that surely is gained by transition to a plastic 
phase. Further, the C2» set is least favored sterically 
of the cubic sets. Therefore, it is proposed that 
the orientational disorder in these plastic crystals 
corresponds to the 10 distinguishable orientations 
of the combined Tg and C3, sets. The entropy of 
transition in a typical tetrahedral molecule is thus 
divided into Rln 10 = 4:58 cal deg-! mole-! due 
to orientational disorder and about 0-4 cal deg! 
mole-! due to increased over-all libration. 
Methylfluoroform does not fit the foregoing 
interpretation for typical tetrahedral molecules. 


Application to 2-methyl-2-propanethiol 

An interesting but more complex example of 
phase behavior in tetrahedral molecules is given 
by the results for 2-methyl-2-propanethiol 
summarized in Table 3 and Fig. 2. Konpo™2) has 
studied the dielectric constant of this compound 
between 100 and 325°K. He also reports that the 
high temperature phase, crystals I, is face-centered- 
cubic, with ag = 8-80A, and that it is highly dis- 
ordered. KONpDo’s dielectric constant data are 
plotted with the thermal data in Fig. 2. 

This compound undergoes three isothermal 
transitions in the solid state. Also, the heat capacity 
curve of crystals IV shows significant effects of 
pretransition, and the curves for crystals III and 
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ZAS®* disorder 
calculated 


ZAS* 


observed 





Ordered 
151-6 


157°0 


| 199-4 
| 
| 


27442 





II are abnormally high. ‘These regions of high heat 
capacity are due to increasing molecular libration 
and possibly some disordering, the net result of 
which is to increase the disorder of crystals I. 
To account for the entropy of disorder gained in 
the regions of high heat capacity, the “excess” 
entropy was calculated by extrapolating a “normal” 
heat capacity curve for both crystals IV and I to 
151-6°K., the temperature of the major transition. 
In this way, the sum of the entropies of fusion, 
transition and “excess” entropy was made com- 
parable to the entropy of transition and fusion of 
a typical tetrahedral molecule with a single 
transition at 151-6°K. The “excess’’ entropy 
ascribed to each region of high heat capacity is 
shown in Table 3. 

The total entropy of disorder in crystals I can 
be explained in terms of the disorder typical of 
tetrahedral molecules. In crystals I, the molecules 
are randomly distributed among the 10 orienta- 
tions of the 7g and C3, sets favored for face- 
centered-cubic crystals. In addition, there are 
four orientations of the thiol group and three 
orientations of the thiol hydrogen for each of the 
ten tetrahedral orientations, The total number 
of distinguishable molecular orientations is 
10x 4x3 = 120, and the calculated entropy of 


R In (4 x3)2 
= 6°31 


R In (4 x3)6 
= 8-50 


0-25» 
1:16 


R In (4x3) 10 
9-51 


! 





disorder is Rln 120 = 9-51 cal deg-! mole~!, in 
good agreement with the total observed entropy 
of transition, 9-94 cal deg-! mole~! (Table 3). 

With the help of the dielectric constant data, 
similar but a little more speculative descriptions 
can be given of the disorder in the low-temperature 
phases. The dielectric constant data for crystals II 
show a small increase in density and no effect of 
decreased molecular freedom, but the entropy 
data show that the disorder in crystals II is about 
half that in crystals I. If it is assumed that the 
structure obtained by packing molecules of crystals 
IT in the six orientations of the Deg set of a body- 
centered crystal is more dense than that with 
molecules in the ten orientations of a face-centered 
crystal (Jq and Cy, sets), these facts are con- 
sistent. The Dog set allows about as much mole- 
cular freedom as the Tg and C3,» sets, and the 
calculated entropy of disorder is R In (4x 3 x 6) = 
8-50 cal deg“! mole“, as compared with the 
observed, 8-53 cal deg! mole. 

The transition between crystals II and III was 
not found to be reversible in the dielectric 
constant studies, but the results obtained from 
heating experiments show that the effective dipole 
moment in crystals III is about 15 per cent less 
than in crystals II. The entropy data show that 
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the degree of disorder in crystals III is about half 
that in crystals II. The disorder possible in 
crystals I and II allows reorientation of the mole- 
cular tetrahedra so that the direction of the mole- 
cular dipole may change as much as 180° under 
the influence of an electric field. If the orientations 
of the molecules in crystals III are restricted to a 
half-set of the hexagonal C3, set that does not in- 
clude inversion of molecular tetrahedra, oscillation 
of the molecular dipoles would be restricted to the 
tetrahedron, or to 108-5°. The 


effective dipole moment would then be only 81 


corners of a 


per cent of that effective if inversion of molecular 


tetrahedra occurs as in crystals I and II. On this 
basis, the disorder in crystals III is assumed to 
correspond to the 12 distinguishable orientations 
of a molecule at each of the two distinguishable 
the half-set that 
excludes inversion of molecular tetrahedra. The 
calculated entropy of disorder, R In (4x 3 x 2) 

1, does not agree very well 
More 


satisfactory agreement with the calorimetric data 


positions of hexagonal C3, 


6°31 cal deg! mole 
with the obs« rved, 7°45 cal deg ] mole 1 


would te obtained if crystals II were assumed to 
be cubic with disorder corresponding to the cubic 
Dog half-set that excludes inversion of tetrahedra. 
However, access to all three orientations in the 
Doq sub-set allows enough over-all molecular free- 
dom that the effective dipole moment in crystals 
III would not be expected to be significantly lower 
than in crystals II. Only if the frequency with 
which one member of the Dog sub-set converts to 
another is below the lowest frequency used by 
KONDO would the dielectric constant show the 
observed decrease. 

The transition from crystals III to IV obviously 
involves attainment of complete orientational 
order, except for the disorder associated with the 
pre-transition effects shown by both the heat 


capacity and dielectric constant data. 


The nature of “rotation’’ in plastic crystals 

The results of this study show clearly that 
“rotation” in plastic crystals is not necessarily 
rotation in the sense normally used in molecular 
physics. Because the behavior of the molecular 
crystals discussed can be described adequately in 
terms of orientational disorder, the molecules 
evidently librate about discrete, distinguishable 
the lattice. Of course, 


positions in crystal 
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re-orientation of molecules occurs, but with such 
high frequency that nuclear magnetic resonance 
and X-ray measurements cannot distinguish be- 
tween free rotation and random orientation, as 
ANDREW has pointed out.) The distinction be- 
tween rotation in the usual molecular sense and 
restricted rotation from one preferred orientation 
to another is important in understanding the phase 


behavior of molecular crystals. 


CONCLUSIONS 


discussion has shown. that 


The 


reasonable interpretations of phase behavior can 


foregoing 


be made primarily on the basis of thermal data 
and considerations of symmetry and steric factors. 
The interpretations are quite speculative for highly 
disordered crystals, but 
method of analysis is less speculative. ‘The unique 


no presently known 


contribution of entropy data to the study of 
highly-disordered crystals is the provision of a 
quantitative measure of the degree of disorder. 
With more molecular 
data from non-thermal studies, descriptions of 


extensive structural and 
the kind of disorder could be made less specula- 
tive. Thus, studies of the compounds discussed 
here, and others that can be discussed in similar 
terms, by X-ray, dielectric constant and nuclear 
magnetic resonance methods would be particularly 
helpful in obtaining better descriptions of phase 
transformations in molecular crystals. 
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ROTATIONAL TRANSITIONS IN MIXED CRYSTALS 
AND SURFACE FILMS* 


J. G. ASTON 


1. INTRODUCTION 

Ir 1s the purpose of the present paper to present 
some of the typical properties of systems which 
are mixtures of two pure compounds, at least one 
of which, immediately below its melting point, 
forms plastic crystals. Familiarity with the earlier 
papers presented at this symposium is assumed. 

The information to be obtained from mixtures 
is of two kinds: (a) The effect of diluents (such as 
rare gases) causes a more uniform potential field 


around a globular molecule and hence greater 
freedom to rotate. If the second substance is in- 
soluble in all phases (e.g. an absorbent such as 
TiOg) an effect equivalent to dilution is obtained 
by dilution in one dimension as a monolayer is 
approached and finally in the other two dimen- 
sions of the monolayer. From the results con- 


clusions can be reached about the behaviour of 


the pure substances. (b) It is possible to detect 
co-opt rative effects between neighbors in the pure 
substances through increased co-operative effects 
| 
T 


he mixture, i.e. in the mixture co-operative 


than in the 


in 


transitions require lower energies 


parent 
First a few 


compound. 
solid—liquid phase diagrams, above 
the rotational transitions, will be discussed. Some 


] | 11 
complicated cases have been chosen deliberately 


in order to draw attention to unsolved difficulties. 
This will be followed by a discussion of the types 
of transitions in 


typical mixtures and the values 


isition temperatures for which the effect 


of the trar 


of mixing seems clear and where the nature of the 
rotation seems to be revealed. Finally the transition 
temperature of carbon tetrafluoride in bulk and in 
* Contribution from the Low ‘Temperature Labora- 
tory of the Pennsylvania State University and from th« 
Mathematical Institute of Oxford University 


+ Guggenheim Fellow 1959-60 associated with the 


Mathematical Institute of Oxford University 


films will be discussed with respect to the n.m.r. 


line broadening. 


2. PHASE DIAGRAMS 

The solid—liquid phase diagram of methane 
dissolved in krypton is a simple case and indicates 
a continuous series of solid solutions, ®) 

In the solid solutions, which are rich in methane, 
the rotational transition of methane is evident. 
This transition becomes more smeared out and 
appears at increasingly lower temperatures as the 
concentration of methane is decreased.) 

There is little doubt that the methane is rela- 
tively free to rotate in the solid solutions as will be 
seen presently, thus causing the methane molecule 
with its high symmetry to behave like a rare gas 
molecule. STEPHENSON?) has shown that dilution 
of ammonium nitrate by potassium nitrate greatly 
increases the freedom of the ammonium ion to 
rotate. 

On the other hand mixtures of carbon tetra- 
chloride and cyclohexane, both of which form 
plastic crystals, do not form solid solutions at 
all. 4 

The phase diagram is shown in Fig. 1, where 
the melting points of the mixtures are plotted 
against composition. On the diagram are also 
plotted the temperatures of a transition which is 
undoubtedly that of the solid carbon tetrachloride 
in the mixture since it occurs always at the same 
temperature, namely, approximately that of the 
temperature for carbon tetra- 
chloride (227°K). Had the 
carried to lower temperatures there is little doubt 


transition pure 


measurements been 


that a transition corresponding to that for cyclo- 
hexane (182°K.) also would have been observed. 
The apparent continuity of the freezing point 
curve at the eutectic is presumably not real. It is 
due to lack of data near the eutectic. 
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Fic. 1. Solid—liquid equilibria for the system carbon 
tetrachloride and cyclohexane. [Constructed from 
Ref. (4).] 


It has already been shown that the barriers to 
rotation in carbon tetrachloride must be quite 
high.) This is possibly connected with the in- 
ability of this pair to form solid solutions. 

The behavior of the system carbon tetrachloride 
and carbon tetrabromide is quite complicated, © 
presumably for the same reason. 

The phase diagram is shown in Fig. 2 (tem- 
perature—composition). On cooling solutions con- 
taining less than fifty per cent carbon tetra- 
bromide, the non-rotating form of carbon tetra- 
bromide separates in the pure state but at about 
— 15°C a solid solution containing carbon tetra- 
chloride starts to separate. Thus solutions with 
less carbon tetrachloride than that in the initially 
appearing solid solution (23 mole per cent CBr) 
yield a triple point of liquid solution, solid carbon 
tetrabromide and solid solution (23 per cent CBr4); 
these, on further cooling yield a solid solution of 
23 per cent CBrq and excess solid CBrq. This solid 
solution has a transition point at —39°C (some- 
what above that of carbon tetrachloride). It is 
somewhat difficult to interpret this transition as a 

















MOLE FRACTION CBr, 


Fic. 2. Solid—liquid equilibria for the system carbon 
tetrachloride and carbon tetrabromide. [Constructed 
from Ref. (6).] 


rotational transition. As the solid solutions 
approach the composition of pure carbon tetra- 
chloride the transition occurs at decreasingly lower 
temperatures until that of pure carbon tetra- 
chloride —47°C is approached. At the transition 
a phase richer in carbon tetrabromide separates 
of composition shown by the lower dotted line. 

In Fig. 3 is shown the temperature—composition 
phase diagram for the system carbon tetra- 
chloride-t-butylchloride,“ which was obtained 
by observations of the dielectric constant. The 
dielectric constant data presumably detect rotation 
but cannot detect the extent of hindrance. 

t-Butylchloride has two rotational transitions. 
One of these occurs at 218-8°K and is associated 
with rotation (according to the dielectric constants) 
while the other at 183°K is apparently not associ- 
ated with rotation. Carbon tetrachloride has a 
single rotation transition at 225°K‘) which has 
often been associated with rotation as is borne out 
by the dielectric constants. 

The curve showing the change of melting point 
with composition is actually a superposition of the 
solidus and liquidus curves which are so close 
together as to be inseparable; the composition of 
the solid separating differs very little from that 
of the liquid. The minimum at approximately the 
composition of the equimolar mixture is approxi- 
mately only 8 degrees below the melting points of 
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02 04 06 
MOLE FRACTION t-C,HgCl 


Carbon tetrachloride and butyl chloride. [Con- 
structed from Ref. (7).] 


Fig. 3 


the pure components indicating solid solution 
formation little 
Thus the extremely complicated nature of the 


Jelow HIJK 


there is no rotation while in the area AGJIC there 


with intermolecular interaction. 


transitions is somewhat surprising. 


is presumably rotation modified by the presence 
of the t-butylchoride. ‘The curve branching from 
the solidus curve AB originates, apparently, in 
some sort of triple point. 

In the area CIH is solid solution and the non- 
rotating carbon tetrachloride that has separated. 
In the area DGP is solid solution and the non- 
rotating t-butyl chloride that has separated. In 
the area PGJK there is also non-rotating butyl 
chloride and a solid solution with a lower degree 
of rotation. The line LE represents the non- 
rotational transition in the carbon tetrachloride 
in equilibrium with composition N. 

It appears that on mixing t-butyl chloride with 
carbon tetrachloride rotation of both is possible 
at lower temperatures in a modified way. The 


ASTON 


effects just described are complicated compared 
to the simple effect on mixing D- and L-nitro- 
camphor. 

The effect of the laevo variety on the ability of 
p-3-nitrocamphor to rotate in the solid state is 
very much greater and more clear cut. In the 
previous example, the transition points are in no 
case lowered by more than 25° while with p-3- 
nitrocamphor the effect is a lowering of about 100° 
on mixing with an equimolar mixture of the laevo 
variety. 

WHITE this by 
measurement at fre- 
quencies ranging from 1 to 100 kilocycles. In the 


BisHop demonstrated 


of the dielectric constant 


and 


D-variety the transition is at about 50°C while in 
mixture it is at about —50°C. 
the dielectric constant show 


the racemic 
Measurements of 
large decreases at these temperatures respectively 
but in the racemic mixture there is anomalous 
dispersion. It would seem that in the case of the 
racemic mixture the molecules must rotate in 
pairs. 

Mixtures of cyclopentane and 2,2-dimethyl- 
butane show a similar behaviour. Fig. 4(a) shows 
the temperature composition diagram for this 
system. This diagram is not complete but on it 
is also shown points joined by lines which indi- 
cate temperatures of sharp line narrowing in the 
nuclear magnetic resonance line. “9 

Both components have an upper and a lower 
transition as can be seen from the heat capacity— 
temperature curves of cyclopentane and 2,2- 
dimethylbutane shown in Figs. 5(a) and 5(b) 
respectiy ely. 

An upper transition was evident in the mixtures 
very rich in cyclopentane, but was too close to the 
melting point to be detected in most mixtures, 
thus no curve corresponding to it is shown on the 
diagram. A lower transition however was clearly 
evident in all mixtures containing over 70 per cent 


cyclopentane. This is represented by the solid 
curve, d, in Fig. 4(a). At the temperatures indi- 
cated by this curve almost pure cyclopentane in 
the non-rotating form apparently separates from 


the mixture at temperatures only slightly lower than 
the transition point of the pure compound. This 
must mean that 2,2-dimethylbutane is almost in- 
soluble in the crystalline form of cyclopentane 
which is stable below the lower transition. Accord- 
ing to the maximum in the solidus and liquidus 
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from data by 


Constructed from 


[constructed 


1501 (1947).] 


(c 
mole) 


Constructed 


Molar heat capacity of cyclopentane (0°667 mole) and neohexane (0-333 


Ref.(14).] 


from 


(d) Molar heat capacity of 2,3-dimethyl (0-40 mole) and 2,2-dimethylbutane 
(0-6 mole) [Constructed from Ref. (10).] 


curves, there is apparently a “molecular com- 
pound” formed of 2 moles of cyclopentane to one 
mole of 2,2-dimethylbutane. In this compound the 


crystal form of cyclopentane stable below the lower 


transition is only slightly soluble. The nuclear 
magnetic resonance experiments clearly indicate 
that this compound has a rotational transition 
which is complete at about 65°K. The dotted 


curve, b, in Fig. 4(a) indicates sharp line narrowing 
at 65°K for mixtures containing above 60 
mole per cent cyclopentane. The further line 
narrowing indicated by the dotted curve a is con- 
nected with the upper transition. Thus in the 
molecular compound, (C5Hi0)2 (C5Hi2), the lower 
transition has been lowered by nearly 60° and in 
the next section it will be shown to have changed 
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(Constructed from AsToNn J. 
, J. Amer. Chem. Soc. 65, 341 (1943)]. 


and Pirzer K. S., J. Amer. 


Chem. Soc. 68, 1066 (1946)]. 


Butene-1 
Szasz G. J., J. 


2,2-Dimethylpropane [Constructed from H. L. 
18, 162 (1950)]. Upper curve—Cp, lower curve 


Phys 


its nature. The upper transition has apparently 
become raised to above the melting point (see 
next section). The unit appears to rotate as a 
whole above 65°K. 

A similar study of mixtures of 2,2-dimethyl- 
butane and 2,3-dimethylbutane yields the same 
sort of melting point composition diagram !) 


Constructed from AsTon J. G., Fink H. L., Bestut A. 
Amer. Chem. Soc. 70, 53 (1948)]. 


B., Pace E. L. and 
Gutowsk! and G. E. Pake, J. Chem. 
line width in G. 


with a maximum at 40 mole per cent 2,3-di- 
methylbutane as is shown in Fig. 4(b). The fact 
that the two curves do not touch at the maximum 
is due to impurity. There is rotation in the solid 
state at all compositions immediately below the 
melting point but in this case due to supercooling 
there is no rotational transition. 
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3. NATURE OF PHASE TRANSITIONS AND HEAT 
CAPACITIES 
Methane-Krypton; Modztfication of barriers. 

The thermodynamic nature of the phase trans- 
tions in which ordinary crystals change into 
“plastic crystals” is revealed in the curves of heat 
capacity plotted against the temperature. Some of 
these transitions are of the same type as the solid 
liquid transition and occur at constant tempera- 
ture (first order transitions). Others are apparently 
second order. ‘l2) 

Second order transitions seem to be character- 
istic of compounds with molecules whose envelope 
is very nearly spherical (e.g. methane, carbon 
tetrafluoride and tetramethyl methane). The 
heat capacity curve for tetramethyl methane is 
shown in Fig. 5(d) and for carbon tetrafluoride in 
Fig. 8. In such compounds the transition starts 
at temperatures well below the maximum in the 
heat capacity curve. When the envelope is nearly 
spherical molecules can rotate without greatly 
disturbing the crystalline lattice. However, after 
a few molecules have started to rotate it becomes 
progressively easier to rotate others since potential 
fields have been smoothed out due to rotation of 
neighbors (first or second). ‘Thus as the tempera- 
ture is increased more and more thermal energy 
goes into molecular rotation. This is evident by an 
“abnormal” rise in the heat capacity several degrees 
before the maximum which is characteristic of 
second order transitions. 

When the molecules have envelopes which are 
spheres distorted in a significant manner (e.g. 
cyclopentane, 2,2-dimethylbutane), rotation of 
even a few molecules so distorts the crystal struc- 
ture that all Heat 
capacity curves for cyclopentane and 2,2-di- 
methylbutane are shown in Figs. 5(a) and (b) re- 


molecules rotate at once. 


spectively. In both cases there are two transitions 


of the first order. 

The role of the molecular environment in de- 
termining the nature of “rotational’’ transitions 
has been qualitatively substantiated"*%) by study- 
ing the heat capacity of solid solutions of krypton 
in methane in the neighborhood of the second 
order transition. Since it would be expected that the 
potential field would be more uniform round a kryp- 
ton atom than round a methane molecule solution 
of krypton in methane should reduce the barriers 
hindering rotation of the methane. ‘Thus, while a 
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methane molecule in the pure crystal would only 
experience barriers sufficiently low to rotate 
relatively freely when its nearest neighbors were 
rotating, methane molecules might be expected to 
have sufficiently low barriers when its nearest 
neighbors were krypton atoms. 

Fig. 6 shows the heat capacity curve of solutions 
of 0-00 (curve a), 7-45 (curve b) and 15-6 (curve c) 





20 











T°K 


Fic. 6. Molar heat capacity of solid solutions of krypton 

in methane [Constructed from Ref. (12).] (a) 0-0 mole 

per cent (b) 7-45 mole per cent (c) 15:6 mole per cent 
krypton. 


mole per cent krypton dissolved in methane. 
Qualitatively the effect of the dissolved krypton 
is to lower the temperature of the maximum and 
increase the temperature range. ‘The compositions 
studied by EucKEN and VEITH ranged up to 71-94 
per cent krypton. 

3y making reasonable assumptions, EUCKEN and 
VeITH calculated values of the molar heat capacity 
of methane due to rotation. First of all values of 
C,, were calculated using the formula 


Cy = Cp—ATC;? (1) 
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a function of temperature. Above 20°K in all 
cases the value of Cr approaches 3R/2, the value 
for free rotation as it should from the method of 
calculation. Below 20°K the values go through a 
maximum. This is characteristic of the heat 
capacity curves for a hindered rotor.) 

It is evident that the presence of the krypton 


A reasonable way of calculating A was deduced 
from the heat capacity of argon-krypton mixtures. 
The value of C, per mole of methane was then 
calculated from the formula 

ce xCyt+(1—x)Cy4 (2) 


where x is the mole fraction of methane, Cy and 
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T°K 
Fic. 7. Molar rotational heat capacity of methane [constructed 
from Ref. (12)] with certain percentages of krypton. (d) 32:21 
per cent. (f) 71:94 mole 





mole per cent, (e) 50°22 mole 


per cent. 


C4 the respective molar heat capacities at constant 
volume of methane and krypton respectively. 

Above the rotational transition, 3R/2 was sub- 
tracted from Cy in the pure methane, to get the 
heat capacity contribution, Cs, due to motion of the 
centers of gravity of the methane molecules in the 
lattice. From each of the values a Debye @ was 
calculated. The values of 6, thus obtained, were 
extrapolated to the transition point. The value of 
140 degrees found for @ was in excellent accord 
with that calculated from the Lindemann melting 
point formula. 

With this value of 6, values of Cs, the heat capacity 
due to the lattice vibrations of the methane mole- 
cules were calculated and subtracted from Cy, to 
get Cp, the rotational heat capacity, below 20°K. 
Above 20°K the values of C; computed as above 
for pure methane were subtracted to get Cr. 

Fig. 7 shows the rotational heat capacity C, de- 
duced in this manner for (d) 32-21 per cent (e) 
50-22 per cent and (f) 71-94 per cent krypton as 


lowers the barriers to rotation thus allowing the 
transition to start at lower temperatures. 


Short range co-operative effects: Modification of 
cyclopentane transitions. 

It is unfortunate that no heat capacity data are 
available on the CCl4-t-butylchloride mixtures 
previously discussed. Such measurements would 
reveal modifications in the nature of the transitions 
occurring in the pure compound. There is little 
doubt that the effect would be highly complex. 
On the other hand the behavior of the mixture 
of 2 moles of cyclopentane and one mole of 2,2- 
dimethylbutane is extraordinarily simple. 

It has already been pointed out that in the 
mixture the transition begins below 65°K. The 
heat capacity—temperature curve is shown in Fig. 
4(c), (15) 

The single transition point and the melting 
point are clearly evident. The transition point is 
quite clearly of the second order and the transition 
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On the same graph are shown 
nuclear magnetic resonance 
absorption line as a function of temperature. 
There is a sudden narrowing of the line to a 
width of about 2 G at about 65°K, the temperature 
at which the second order transition begins. 

There is no evidence of the two first order 
transitions which are present in each component 
and for purposes of comparison, the heat capacity 
temperature curves are shown in Figs. 5(a) and 
(b) for the components. Not only is there a great 
lowering in the temperatures at which rotation 
can occur but the entire nature of the transition 
is changed. There is little doubt that two mole- 
cules of cyclopentane and one of 2,2-dimethyl- 
butane rotate as a unit. Rotation of this unit does 
not require as much co-operation from neighbor- 
ing molecules outside the unit as is required for 
rotation in the pure components and the potential 
field surrounding it is highly symmetrical. 


is complete at 83°K. 
the widths of the 


Glassy transitions 

The plastic crystals of 2,3-dimethylbutane are 
easily supercooled"®) but on warming the super- 
cooled plastic crystals the rotational transition sets 
in. When sufficient 2,2-dimethylbutane is added 
this method of initiation of the transition fails (see 
above), and it is possible to study the heat capacity 
of the supercooled plastic crystals, 9) 

The heat capacity-temperature curve is shown in 
Fig. 4(d) for a mixture of 40 mole per cent 2,3- 
dimethylbutane and 60 mole per cent 2,2-di- 
methylbutane.“°) The melting point is clearly 
evident but in the region where a rotational transi- 
tion might be expected (60°K) there is a sharp rise 
in the heat capacity curve followed by a small 
maximum. Such a heat capacity curve is charac- 
teristic of a glass. 

For comparison the heat capacity curve of super- 
cooled butene-1 is shown in Fig. 5(c). In the 
case of supercooled butene-1 there is no melting 
point following the glassy transition for this transi- 
tion occurs in the supercooled liquid. It should be 
carefully noted, however, that there is melting at a 
single temperature following the sharp rise of heat 
capacity in the case of the 40 mole per cent 2,3- 
dimethylbutane-60 mole per cent 2,2-dimethyl- 
butane mixture. Thus the glassy transition is 
occurring in a plastic crystal. 

In Fig. 4(d) the width of the nuclear magnetic 


resonance absorption line is also plotted against 
temperature. There is narrowing to a width of the 
order of 2G at the temperature of the glassy 
transition showing that freedom of motion in the 
plastic crystal is greatly increased at this point. 

4. PHASE TRANSITIONS IN SURFACE 

LAYERS 

It has been seen, in the last section, that dilution 
of methane with krypton has a smoothing effect on 
the potential field surrounding methane molecules 
and thereby reduces barriers to rotation. In a pre- 
vious paper of this symposium it has been shown 
that the same effect can be produced by confining 
the methane molecules to the cells of a quinol 
clathrate. “?) 

The interaction between the methane mole- 
cules is thereby reduced. By studying the nuclear 
magnetic resonance absorption line narrowing of 
absorbed layers it has been shown that freedom 
for rotation and migration of molecules that form 
plastic crystals is greatly increased in the outer 
layers of a crystal. Carbon tetrafluoride absorbed 
in titanium dioxide has been extensively investi- 
gated, (18) 

First it should be pointed out that carbon tetra- 
fluoride is a simpler substance to study than 
methane from the standpoint of the narrowing 
of the nuclear magnetic resonance line. “9 

In the case of methane there are two complica- 
tions. The first of these is that the narrowing due 
to rotation is relatively small since it is the effect 
of neighboring molecules (external effect) that is 
largely responsible for the broadening of the line 
rather than the protons in the absorbing molecule. 
The second complication is that the internal 
broadening is reduced by a process involving the 
frequency of reorientation rather than by a pro- 
cess involving rotation against barriers, 2°) 

For tetramethylmethane reorientation of methyl 
groups narrows the line at much lower tempera- 
tures than the transition where rotation of the 
entire molecule sets in, as can be seen from the 
lower curve in Fig. 5(d) so that such an effect for 
methane is quite reasonable. 2!) 

According to theoretical calculations, the effect 
of fluorine nuclei in the absorbing molecule 
(internal effect) on the line width of carbon 
tetrafluoride accounts for over three quarters of 
the observed line width (second moment of 
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12 G?)"8) at temperatures below the early stages 
of the rotational transition. At temperatures where 
the abnormal rise in the heat capacity is apparent 
hindered rotation occurring at the early stages of 
the rotational transition (60°K) averages out the 
internal effect leaving only that of the nearest 
neighbors (2 G2). This can be seen from Fig. 8 in 


ASTON 


Here there is no narrowing due to reorientation 
at temperatures below those where the abnormal 
rise in heat capacity is first observed. ‘The mass of 
the fluorine atoms apparently reduces the re- 
orientation frequency sufficiently to prevent 
this, 18) 


In Figs. 9(b), (c) and (d) are shown the width 
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8. Molar heat capacity and n.m.r. second moments of 


from Ref. (18) and 


EuCKEN A.and SCHRODER E., Z. Phys. Chem. B41, 307 (1938). ] 


heat 
capacities are plotted as a function of temperature. 


which the n.m.r. second moments and 
There is a region where the second moment falls 
from 13 G2 to 2 G? (i.e. from 55-65°K). In this 
region the line structure is complicated and the 
line can be resolved into two components. One 
line is of width about 12 G and the other of width 
the 
points of maximum and minimum slope. The 


former will be designated III and the latter II. 


between 4 and 5G as measured between 


Above the transition there is a single narrow line 
of width considerably less than 1 G. This will be 
designated I. The width of these components as 
a function of temperature is shown in Fig. 9(a). 


of these components as a function of temperature 
on titanium 
dioxide when the number of molecular layers 
present was 8-97(b), 3-23(c) and 1-09(d). 

To fully understand the meaning of the com- 


for films of carbon tetrafluoride 


ponents of the /ine it is necessary to compare 
second moments (AH), 22) calculated for the part 
of the line attributed to each component, with 
values calculated theoretically. For this purpose, 
line shape derivatives for each component were 
deduced from the observed line shape derivatives 
in an arbitrary but obvious way and integration 
made the temperature 
range. Figs. 10(a) and (b) show the values of AH2 


of these over observed 
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Fig. 9. Line width for n.m.r. components for carbon tetrafluoride 

in (a) polycrystalline phase (b) 8-97 monolayers, (c) 3:24 mono- 

layers, (d) 1:09 monolayers, (b, c and d on titanium dioxide) 
[Constructed from Ref. (17).] 


as a function of temperature for 3-24 and 1-09 
layers respectively. 

For the theoretical calculation the distance be- 
tween the centres of the CF, molecules was 
calculated from the density data to be 4-97 x 10-8 
cm assuming hexagonal close packing. Adjacent 
CF, molecules were assumed to be tetrahedral and 
randomly oriented with an internal distance be- 
tween fluorine atoms of 2:15x10-8cm. Assum- 
ing a polycrystalline substance with no rotation or 
orientation the formulae used were those given by 
VAN VLECK. (23) 

For the broadening produced by fluorine atoms 
within the same molecule the calculated value of 


AH? was 9-52 G? while the additional broadening 
due to neighboring randomly oriented molecules 
within the crystal is 2-52 G?. Providing at least 
two layers are present the latter value can be 
shown to be essentially unchanged and the 
former value is unchanged under any circum- 
stances where there is no rotation or reorientation. 
For a monolayer the broadening due to neigh- 
boring molecules is calculated to be about 1 G? 
with a surface spacing consistent with the above 
assumptions. ‘hus a value of the second moment 
for the domains in the crystal undergoing no rota- 
tion or reorientation of about 12 G2 is to be ex- 
pected. For a monolayer this value would be 
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T°K 
Fic. 10. N.M.R. second moments in (a) 1-09 monolayers, 
(b) 3:24 monolayers of carbon tetrafluoride on titanium 
dioxide [Constructed from Ref. (17). ] 

expected to fall to about 10-5 G*. Reference to 
Figs. 10(a) and (b) shows clearly that the broad 
component III has the value of the second 
moment expected for a rigid lattice in the 3-24 
layers and in the monolayer as well as in the bulk 
(see Fig. 8). 

If it is 
occurs in the early stages of the transition in certain 


assumed that relatively free rotation 


parts of the crystal while in others the molecules 
do not rotate at all, the parts in which there is 
relatively free rotation will contribute a component 
to the line of width due only to the action of 
nearest neighbors, the internal contribution to the 
line width having averaged to zero. Thus the com- 
ponent of intermediate width, II, is to be attributed 
As can be seen the second 


to such domains. 


moment for this component in the 3-24 layers is 


ASTON 


about 1-3 G2 while that in the 1-09 layers is about 
the same amount in good agreement with expecta- 
tions. 

Reference to the second moments for bulk 
carbon tetrafluoride, as shown in Fig. 8, shows that 
soon after the start of the transition at 60°K the 
broad line, III, has entirely disappeared and been 
replaced by the line, II, whose width stays almost 
unchanged until the transition is complete. After 
the transition, the component, I, has a second 
moment less than 1 G? and the component II has 
disappeared. Thus there must be considerable 
self diffusion as well as rotation above the transition. 

In the 8-97 and 3-24 layers the component, II, of 
intermediate width, is present at all temperatures 
below 70°K, as is evident from Figs. 9(b) and (c); 
i.e. below the transition point of the bulk (see Fig. 
9a). This indicates that rotation in the outer layer 
is present at all temperatures above 20°K. In the 
8-97 layers there is evidence of broadening at 
25°K. Exactly the same situation maintains in the 
1-09 layers (see Figs 9(d) and 10(b)). It is also of 
interest that the narrow component, I, is present 
down to 60°K in the 3:24 monolayers and to 45°K 
in 1-04 monolayer (see Figs. 9(c) and (d)). This 
indicates that diffusion is easier in films than in 
bulk as is to be expected. In the 8-97 and 3-24 
monolayers the component III is always present 
below 60°K. In the former it is almost constant at 
11-5 G which is very little below that of the bulk. 
In the latter the width is almost constant at 10-5 G. 
The reduced width is due to the smaller nearest 
neighbor broadening. That there are pronounced 
regions of more than one monolayer on the surface 
in the 1-09 monolayer data average is shown by 
the presence of component III at all temperatures 
below 45°K with a somewhat reduced width of 
9-5 G. This is to be expected from theories of 
physical absorption such as that of BRUNAUER et al. 
These results on the films are exactly what would 
from the heat capacity 


have been 


measurements on methane in the quinol clath- 


predicted 


rate, 16) 

The reasonableness of the results in the films 
confirms the identification of the line compounds 
I, If and III in the bulk. Once this identification 
is made rotation in the bulk during most of the 
transition seems to be well established, as well as 
considerable migration above, in agreement with 
the initial assumption. 
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MOTION IN CRYSTALS 


BY INFRA-RED SPECTROSCOPY 


W. 


C. PRICE and G. R. WILKINSON 


Physics Department, Kings College, Strand, London, W.C.2. 


INFRA-RED spectroscopy is concerned essentially 
with the study of transitions between vibrational 
and rotational energy levels.“) In crystals, how- 
ever, the possibility of observing rotational transi- 
tions is remote except in very favourable circum- 
stances. In considering the infra-red absorption 
spectra of molecular crystals it is convenient to 
classify the atomic vibrations as follows. 

(a) The internal vibrational modes of atoms within 
a molecule, the frequency of which depend 
upon the atomic masses and interatomic forces. 
For non-linear molecules containing N atoms 
there are 3N—6 normal modes of vibration. 
These may be readily classified using group 
theoretical methods.°) ‘These normal modes 
persist with little modification in going from 
the gas to liquid to crystalline phase. 

(b) Librational or torsional modes involve the 
rotational movement of a part of e.g. a CHs 
group or the whole molecule about its principal 
moments of inertia. 
In “lattice modes” the molecules move as a 
whole with respect to one another. The fre- 
quency distribution of these modes g(v) de- 
pend upon the mass of the molecule and inter- 
molecular forces. 

As the energy levels of a crystal are really a 
property of the entire system this classification is 
only an approximation. However, it is very con- 
venient in analysing the vibrations of a molecular 
crystal to consider the similarities between the gas, 
liquid or solution and crystal spectra. The degree 
of thermal excitation at a temperature 7 of a mode 
with frequency v depends upon the ratio v/7. 

All crystals have absorption bands which occur 
in the infra-red region of the electromagnetic 
spectrum, and the quantity which may be measured 
is the absorption coefficient as a function of frequen- 
cy. In many crystals this is anisotropic and hence 
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may be studied with polarized radiation. In the case 
of a well defined e.g. approximately Lorentzian 
band it is possible to specify its integrated intensity 
and also its half width Av, which is proportional 
in simple cases to 1/7 where 7 is the lifetime of 


the excited state. The lifetimes of excited states 
are frequently limited by molecular motion. In 
molecular crystals Av, is usually of the order of 
10 cm~! and hence 7 must be about 10-12 sec. All 
the measurable quantities depend upon tempera- 
ture and hence it is necessary to observe the 
absorption spectrum over a wide temperature 
range. 

The internal vibrational energy levels of a mole- 
cule depend on its environment. Whilst the in- 
tensity of the infra-red absorption depends upon 
the symmetry of the atoms within the molecule 
and also on the symmetry of the arrangement of 
the molecules within the unit cell, small changes 
in configuration thus lead to changes in the infra- 
red spectrum and hence provide information on 
the movement of atoms within the crystal. Infra- 
red observations are hence complementary to 
other spectroscopic studies and to dielectric, 
diffraction and thermodynamic studies. Here we 
review some examples from work in our laboratory 
which illustrate the use of infra-red radiation in 
this field Fuller details and 
spectra are published elsewhere. 

The motion of the ammonium ion in different 
crystals has been the subject of study by many in- 
vestigations using a variety of physical methods. 


of investigation. 


The chief infra-red work on this ion has been by 
HorniG"®) and co-workers. In our work") we have 
isolated a small percentage of NH, ions in CsCl, 
CsBr and in CsI lattices. ‘The ammonium ion 
very readily replaces the caesium and hence as only 
about one per cent replacement is used the inter- 
action between the ammonium ions is small. The 
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infra-red absorption of all the ammonium salts 
reveal two sharp absorption bands at low tempera- 
ture which are interpreted as combination fre- 
quencies of a torsional mode with two different 
internal vibrational modes. The identification of 
these torsional modes has been aided by the use of 
the N!® isotope as well as the deuterated species 
ND,. The torsional frequencies that we find for 
the NH; ion in the different caesium halides are 


CsI 
260 cm7! 


CsBr 
310 cm7! 


CsCl 
350 cm7} 

BH, isolated in different alkali halides“: >) has 
very narrow absorption bands at liquid helium 
temperature, however, there is no indication of 
the corresponding combination bands which in- 
volve the torsional mode. 

In clathrates the holes in which small “‘gaseous”’ 
molecules may be trapped are frequently relatively 
large and hence they might appear to be ideal 
cases for the study of free quantised rotation using 
infra-red radiation to induce transitions between 
the rotational states. However, in order to observe 
such transitions it is important that the molecule 
should not “collide’’ with the “cavity walls” 
during the period taken to complete a single 
rotation; this is of the order of 10-1! sec. As this 
time is of the same order of magnitude as the 
translational vibrational period of the molecule 
in the site, it is not surprising that the rotational 
transitions have not been observed. At very low 
temperatures it is feasible that in certain cases the 
transitions may be observable and further in- 
vestigations in this field are clearly desirable. A 
further example of molecules isolated in a lattice 
is that of HeO and OH 6 
At room temperature these give rise to a broad 


in crystalline quartz. 


absorption band in the 3300 cm~ region, however, 
on cooling to liquid nitrogen temperature the 
movement of these OH groups is very much re- 
duced and a large number of sharp absorption 
bands appear. These result from the isolation at 
different sites within the crystal lattice. By using 
polarized infra-red radiation it has been found 
that all the O-H bonds are aligned perpendicular 
to the optic axis of the quartz crystal. In all the 
examples cited above cooling leads to a very 
marked reduction in the band half-widths thus 
showing that the vibrational relaxation times in- 
crease on lowering the temperature. 


MOLECULAR MOTION IN CRYSTALS 


BY INFRA-RED SPECTROSCOPY 

A notable example of a change in molecular 
symmetry leading to a marked alteration in spec- 
trum is hexamethyl benzene.) The polarized 
infra-red spectrum of Cg(CHg3)g for different 
crystal faces has been studied over a wide tempera- 
ture range and the change in the spectrum is in- 
terpreted as resulting from an ordering of the 
methyl groups about the 


axes. At higher temperatures the methyl groups 
have a disordered configuration but, on cooling 
they apparently become more highly ordered and 
hence permit the molecules to pack more closely 
together. Similar conclusions have been drawn by 


ScHNepP™) and by Wo xF') from a study of the 


near ultra-violet absorption spectrum. Another 
example of an infra-red study on the reorientation 
of methyl groups is that of dimethyl triacetylene. 
This molecule crystallizes with all the acetylene 
bonds parallel to one another and neighbouring 
CHgs groups with the same axes are arranged in the 
staggered configuration at low temperature. 

The 


moving relative to one another in modes which are 


vibrational spectrum g(y) of molecules 
analogous to the lattice modes in simple monatomic 
and diatomic lattices is not readily obtained directly 
in molecular crystals on account of the fact that 
there is no large periodic variation in electric charge 
as occurs in ionic crystals. However HExTER'? has 
shown that if the infra-red spectrum of 1odoform 
CIg3H is obtained with the direction of propagation 
of the radiation along that crystal direction 
to which all the C-H bonds are parallel then 
the absorption due to the C-H stretching vibration 
observed on 


I . 


is weak and that ‘“‘wings’’ can be 
either side of the C 


These appear to be the sum and difference com- 


H absorption near 3000 cm 


binations of the lattice spectrum g(y) with the 
C-H stretching mode. The high frequency? cut- 
off of this mode occurs at 50 cm~!. ‘The changes 
that occur in the spectrum on cooling down to 
liquid helium temperature have been observed 
and the difference spectrum i.e. the low frequency 
wing disappears as the lattice modes are frozen out. 

Polarized infra-red studies on many different 


polymers have been carried out and_ phase 
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transitions have been observed in several of these. 
Polytetrafluorethylene (PTFE) is crystalline below 
20°C, however at this temperature there is a first 
order transition. This has been shown"? to be the 
result of a screw transition. The PTFE molecular 


chains are compact helixes and hence can slip 


past or roll around one another very easily. The 


transition results in a marked change in the infra- 
red absorption at 630 cm~! as the temperature is 
The 


“plasticity”’ as well as the structure of biopolymers 


raised through the transition point. 
depends very markedly on their water content. One 
of the most interesting examples of this is the 
nucleic acid DNA. The crystal displays a high 
degree of crystallinity when exposed to a high 
humidity. In this form all the planes of the purine 
and pyrimidine base pairs are perpendicular to the 
helix axis. On removing the water these tilt and 
The 


spectra of the vibrations of the atomic groups in 


become disordered. infra-red absorption 
the bases have been studied using polarized 
radiation?) and from the measurement of the 
dichroic ratio which is the ratio of the absorptions 
measured with the electric vector of the radiation 
(1) perpendicular and (2) parallel to the axis, an 
estimate of the tilting movement of the bases has 
been obtained. 

The above examples are intended to give some 
indication of the type of problems which have 
been investigated and the general conclusions on 
the results that have been obtained. However, at 
present the interpretation of the infra-red spectra 
of molecular crystals is hampered by the lack of a 
really satisfactory theory of the coupling between 


and G. 


R. WILKINSON 


similar vibrational groups in adjacent molecules 
and also by requiring a more complete theory of 
the factors which influence the contours including 
the line widths of the absorption bands. Much 
further work is needed on vibrational relaxation 
processes in molecular crystals i.e. the mechanism 
of energy transfer between internal and lattice 
modes before the wealth of accurate experimental 
data which is now being accumulated can be used 
to give qualitative information on molecular 
motions in crystals. 
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NUCLEAR MAGNETIC RESONANCE AND DIFFUSION 
IN SOLIDS 


F. A. RUSHWORTH 


University of St. Andrews, Aberdeen 


THE EVIDENCE from the nuclear magnetic reson- 
ance spectra of several molecular solids strongly 
suggests a diffusion process at temperatures 
several degrees below the melting points.) These 
molecules are usually “globular” in character and 
it is found that free spherical rotation alone is not 
sufficient to cause the amount of line-narrowing 
which is observed. 

Broadening of a nuclear magnetic resonance 
absorption line is due to magnetic interaction be- 
tween neighbouring nuclei. The calculation of the 
expected value for the second moment of an 
absorption line is conveniently split into two parts, 
the intramolecular contribution due to interactions 
between nuclei in the same molecule and the inter- 
molecular contribution due to interactions between 
nuclei in different molecules. Free spherical rota- 
tion of a molecule will, if fast enough, reduce the 
intramolecular contribution to a negligible value. 
The effect of such motion on the intermolecular 
contribution to the second moment is not easy to 
estimate, but various calculations all give values 
between 1-0 and 1-5 G2. The total second moment 
of the absorption line due to free spherical rotation 
of these ‘“‘globular’”’ molecules on their own sites 
should not, therefore, fall much below 1-0 G2. 
Experimentally, however, the second moments of 
these narrow lines are considerably smaller than 
this, and values of less than 0-01 G? have been 


quoted. This additional narrowing can be ex- 
plained by movement of whole molecules relative 
to each other at a rate faster than the line-width 
expressed as a frequency. Self-diffusion is there- 
fore suggested at a rate of at least 104 displace- 
ments per second, and it is difficult to visualize 
any other kind of mechanism which would cause 
this effect. 

Accurate pictures of the shapes of these narrow 
lines are not normally obtained for two reasons. 
Firstly it would involve the use of a magnet of 
high homogeneity with all its ancillary equipment, 
and such magnets are not generally used for broad- 
line work since they are not essential to the study 
of broad lines. Secondly the method of detection 
of broad lines involving the use of field modulation 
and a lock-in detector is normally unsuitable for 


very narrow lines since the line-shapes are broad- 
ened and distorted when the line-widths are of the 
order of the modulation frequency. It would cer- 
tainly be very interesting to examine the shapes of 


these very narrow solid lines using high resolution 
techniques. 
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COMMENTS ON THE PAPERS OF (a) J. A. POPLE AND 
F. E. KARASZ, (b) L. A. K. STAVELEY 


J. S. ROWLINSON 


Manchester University 


(a) Dr. PopLe and Dr. Karasz have taken the 
very crude model of a freezing liquid proposed 
for spherical molecules by LENNARD-JONEs and 
DEVONSHIRE and have extended it in a most ele- 
gant way to account qualitatively for the lowering 
of the melting point with increasing asymmetry. 

I would like first to observe that the model of 
DEVONSHIRI 


as it would require the separation of 


LENNARD-JONES and cannot be 
accurate 
nearest neighbours in the crystal to be sub- 
stantially larger than that in the liquid (the ratio 
would be 2) 3), i 


about In fact, the separation is 


almost unaltered on freezing, and any change is 
certainly a decrease. 

Secondly, I would like to ask if there is any 
correlation between the melting temperatures (and 
the transition temperatures of the plastic crystals 
which are also predicted by this theory) and the 


various parameters which have been derived from 


REPLY BY J. A. 


We agree with Dr. ROWLINSON that the model 
of LENNARD-JONES and DEVONSHIRE has a number 
of deficiencies as a precise theory of melting. This 
is reflected in the need to choose Wo empirically 
(Wo being proportional to the energy required to 
move an atom onto an interstitial site at low tem- 
peratures). Any attempt to calculate this without 
allowing for movement away from « or f sites 
gives a much larger value, so that many of the 
limitations are hidden beneath this empirical value. 
Within these limitations, however, the LJD theory 
was very successful in correlating properties and 
our aim has been to extend the theory rather than 
refine it. 


the thermodynamic properties of the fluids (by 
Pitzer, by RrepEL and by Cook and Row Linson) 
to represent the molecular eccentricity? 

(b) Mr. StaveLey has shown that methane has 
a greater freedom of rotation in the crystalline 
state than have nitrogen and oxygen. A recent 
analysis") of the configurational heat capacities of 
the liquids has shown that this difference persists 
into the liquid state. Liquid methane has no 
observable configurational heat capacity of rotation 
either at constant volume or at constant pressure. 
Diatomic molecules have observable heat capacities 
the order oxygen, nitrogen, 


which increase in 


carbon monoxide. 
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POPLE AND F. E. KARASZ 


As our parameter v and the 8(7;), for example, 
of Cook and Row tinson") are both measures of 
deviation of molecular interactions from spherical 
symmetry, there should certainly be a correlation 
between 6(7;), and v, or some physical property 
which itself is dependent on v. We have plotted, 
therefore, values of @(7,) against Tim/T> (Tm/Te 
would be more correct) and find that there is, in- 
deed, such a correlation, though as one might 
expect, there is considerable scatter. [The 0(7¢) 
values are those derived from vapour pressure 
measurements”), supplemented with our own 
calculations for HCl, HI, and PHs3; data from 
International Critical ‘Tables.] 





COMMENTS ON (a) J. A. POPLE and F. E. 


—— 





It might be noted that the direction of the 
deviations of methane and, to a lesser degree, 
phosphine, is a reflection of their greater non- 
ideality at high densities, indicating a more 
specialized interaction in the solid or liquid state. 

Though the theory will predict transition tem- 
peratures we have yet to extend our work in this 
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direction and are therefore at the present unable 
to correlate these with 5(7;). 


REFERENCES 


. Cook D. and Row.inson J. S., Proc. Roy. Soc. A219, 


405 (1953). 


Row.inson J. S., Liquids and Liquid Mixtures. 
Butterworths, London (1959). 





J. Phys. Chem. Solids Pergamon Press 1961 


Vol. 18, No. 1, pp. 80-81. 


Printed in Great Britain. 


ENERGY AND APPARENT ENTROPY TERMS FOR 
QUASI-SPHERICAL MOLECULAR ROTATIONS 


MANSEL DAVIES and C. CLEMETT 


University College of Wales, Aberystwyth 


A NUMBER of contributors emphasized the ability 
of “globular’’ molecules to rotate as readily in the 
solid as in the liquid state: in many cases data 
were presented which showed only insignificant 
changes in passing through the melting-point. 
It is obviously important to assess this freedom 
quantitatively. For polar molecules, measurements 
of the relaxation time (or times) in the solid pro- 
vide one such means, and it 1s customary to use 
an Arrhenius type expression for the rotational 
activation enthalpy, AH. 


l 
A exp(—AH/RT) (1) 


7 


There is some uncertainty as to the adequacy of 
this expression especially when AH is small 
(<6 kcal/mole). Chemists are familiar with this 
limitation in the form of AC, or similar terms, 
which can themselves be temperature dependent, 
leading to variations in AH (apparent): such 
terms are the more obvious the smaller AH. 

For quasi-spherical molecules the available 
dielectric data (over ranges of ca. 40°C in solid or 
liquid phases) do not suffice to establish departures 
from (1). Professor ANDREW presented n.m.r. 
data for benzene rotations (about an axis perpen- 
dicular to the plane of the ring) which showed 
good conformity to (1) over more than a 100°C 
range. Accordingly, it is worth considering the 
available dielectric data in this sense. 

For the factor A absolute rate theory arrives at 
different values according to the model envisaged 
for the restricted rotation. The most frequently 
used value is Eyring’s A = (kT/h) exp (AS/R)=P. 
kT/h where AS is an arbitrary “entropy of activa- 
tion”’ which is adjusted to fit the observations. The 
expression (k7T/h) is in itself valid probably only 
in those cases where many degrees of freedom are 


involved and where many energy levels occur in 


the energy trough. 
An alternative expression is that of Bauer 


RT \12 kT 
te 


exp(AS/R) 


Be, 


1: 
+ | xL = P 
Oj 02 


where o; and og are configurational partition 
functions and L the “effective length’ of the 
potential barrier. In a simple model due to Hoff- 
mann these geometrical factors reduce to 27. We 
shall test the assumption that 


The following table summarizes the data for a 
number of quasi-spherical molecules in the liquid 
state due to Smyth and coworkers and current 
measurements at Aberystwyth. It seems preferable 
to replace the AS term in the above relations by 
the non-committal numerical factor P= 
exp (AS/R). One feature which is very obvious in 
this table is the smallness of the AH values: they 
are appreciably smaller than the AH(n) values 
normally associated with the viscosity process of 
liquids. 

Omitting the example of succino-nitrile, whose 
molecule is far from being spherical, the average 
values are P(Eyring) = 0-18 (AS = —3-4 e.u.); 
P(Bauer) = 3-4 (AS = +2-3 e.u.). These P 
factors are much closer to unity than is usual for 
chemical rate processes, and these data scarcely 
indicate any preference between the two ex- 
pressions. There is, however, apart from a slightly 
better numerical fit, somewhat better internal con- 
sistency in the Bauer factor for which the plot of 





QUASI-SPHERICAL MOLECULAR ROTATIONS 


Table 1. 


Eyring’s relation Bauer’s relation 
Compound -—-——— : a 
AH kcal/mole AH kcal/mole 


(CHs3)3.C.Cl 0°67 ° 0-96 
(CHs3)3.C.NOs* ‘98 +0- -29+0: 
(CHs3)3.C.CN* 09 +0: 
(CHs)2.C.Cle 

CHs3.C.Cl.3 
(CH3)2.C.(NO2)Cl(liq.)* 
(CHs3)2.C.(NO2)ClI(solid)* 
(CH2.CN)e(liq.)* 
(CHe2.CN)o(solid)* 





NM & Oh Pw 
NM WWhH PH 


NM dS SN WH ~I ND bo 


1 
2 
1 
1 . 
1 
1 
3 
2 


WW eee mo 


* Studied at Aberystwyth. 


AH against AS (apparent) gives an appreciably The purpose of this note is to raise the question 
better approach to linearity than for the Eyring of the correct form of A in particular cases and to 
factors. The former plot gives, for AH = 0, AS emphasize the arbitrariness of the related AS 
(apparent) ca.—0-3 e.u.; the latter, AS (apparent) terms unless the absolute rate factors can be fully 
= —5-5 e.u. justified. 
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SOME OBSERVATIONS ON CLATHRATES 


J. H. VAN DER WAALS 


Koninklijke/Shell Laboratorium, Amsterdam 


IN CONNECTION with Mr. STAVELEY’s interesting 
contribution on the specific heat of clathrates I 
should like to make two remarks. 

Firstly, the seemingly simple problem of the 
rotational motion of a molecule encaged in a 
clathrate already exhibits the fundamental diffi- 
culty encountered in our discussion of rotation in 
solids: it is not strictly possible to write the 
potential energy of the encaged molecule as a sum 
of two terms, depending on the positional and 
orientational coordinates, respectively. In fact, the 
free will 


rotational contribution to the 


depend on the vibrational state corresponding to 


energy 


the “‘rattling’’ of the molecule in its cage. Or in a 
very simple picture: an oblong molecule will be 
forced to orient itself parallel to the wall of the 
cage when its centre approaches the wall. This 
loss of orientational freedom of polyatomic mole- 
cules in a clathrate is clearly borne out by their 
smaller entropy of clathration relative to that of 
monatomic gases. 

Specific heat measurements may not be so 
sensitive to small potential barriers opposing free 
rotation. However, when describing the potential 
energy of an encaged molecule by a Lennard- 
Jones and Devonshire potential the specific heat 
provides a very sensitive experimental criterion for 
the distance parameter 7, whereas it hardly de- 
pends on the energy parameter e«. This can be 
understood when it is realized that the shape of the 
field within the cage rather resembles a very deep 
square well, in which the energy levels near the 
bottom—and thus the specific heat—only depend 
on the width of the well. 

Secondly, Mr. STAVELEY referred to the sus- 
ceptibility measurements on the oxygen clathrate 


started in Oxford and later continued at Harvard. 
Dr. MEYER has now followed up these investiga- 
tions by low-temperature resonance experiments. 
He studied the Og clathrate by electron spin 
resonance and the Ng clathrate by pure quadrupole 
resonance. “!) Such experiments give more detailed 
information on orientational freedom of the en- 
closed molecules than n.m.r. measurements can 
furnish. Describing the potential binding these 
diatomic molecules to the axis of the cage by a 
simple potential of the form V = Vo (1—cos 26) 
it was found that 


Vo = 
Vo = 0:44 kcal/mole for No; 


0:06 kcal/mole for Og 


the former value is in good agreement with that 
following from the susceptibility measurements. @) 

It is thought to be difficult to interpret these 
results qualitatively. Although the difference be- 
tween the two molecules may seem considerable 
one should keep in mind that the above values are 
averages over the respective zero-point rattlings 
in the cages, and that the nitrogen molecules fit 
rather more tightly than those of oxygen. The 
given values of Vo, moreover, represent only a 
small fraction of the energy of binding of these 
molecules in the clathrate cages which is of the 


order of 5 kcal per mole. 
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THE THERMOPHYSICAL PROPERTIES OF THREE 


GLOBULAR MOLECULES 


E. F. WESTRUM, Jr. 


Department of Chemistry, University of Michigan, Ann Arbor, Michigan 


Abstract—The low temperature heat capacities of adamantane, hexamethylenetetramine and 
triethylenediamine have been determined from 5 to 350°K by adiabatic calorimetry. A transition 
at 208-6°K involving an entropy increment of 3-87 e.u. is associated with a slight modification of 
the crystalline arrangement and the molecular freedom in adamantane. Although a related tran- 
sition also occurs in triethylenediamine at 353°K, none has yet been detected in hexamethylene- 


tetramine. 


1. ADAMANTANE AND HEXAMETHYLENE- 
TETRAMINE 
OF THE many molecules which may be classified 
as “globular’’) few approach geometrical or force 
field sphericity to the extent of adamantane,” 
which is the simplest saturated polycyclic hydro- 


carbon possessing a cage-like skeleton like that of 


the crystalline lattice of diamond. This interesting 
substance exists in a face-centered cubic array 
with a T? — F43m space group at room temperature 
according to Nowack1") (although it is presently 
considered that this phase represents a disordered 
structure), melts at 270°C, °) and moreover under- 
goes an apparently first order transition”? to a 
body-centered tetragonal lattice at 208-62°K with 
the tentative unit cell dimension a = 6-641 A and 
c = 8-875 A.'5) A schematic diagram of its mole- 
cular structure is presented in Fig. 1(a). The 
compound was synthesized by the method of 
SCHLEYER) purity established by 
chemical X-ray diffraction and gas chromato- 
graphy. 

A closely related substance, hexamethylenetetra- 
mine,t[cf. Fig. 1(b)], which may be considered to 
be “derived”’ from adamantane by replacement of 
the four methine (CH) groups with nitrogen 
atoms, on the other hand apparently does not 
undergo transition to a plastic crystalline phase 


and its 


* CioHie, tricyclo[3,3,1,13:7]decane. 


t CeNaHiz, 1,3,5,7-tetrazatricyclo[3,3,1,1°+7 decane 


below 240°C and possibly not before decompo- 
sition or fusion. Its structure is that of a body- 
centered cubic lattice of space group 7?—143m 
witha = 7-02 A.“ Like adamantane this substance 
is characterized by a relatively high melting point 

about 280°C‘) because of the molecular sym- 
metry and relatively strong intermolecular forces. 

The heat capacities of these substances were 
determined by precise adiabatic calorimetry and 
are depicted in Fig. 2. Although the temperature 
dependence of the heat capacity is similar in 
general for both substances, the transition in 
adamantane is Apparent heat 
capacities as high as 4500 cal/(deg mole) were 


pronounced. 


observed at the peak. Thermal equilibrium was 
reached within an hour’s time in the transition 
region. The enthalpy of transition of adamantane 
is 807 cal/mole and the entropy increment of 
transition is 3-87 e.u. In some respects these 
represent minimal values since the interpolated 
dashed line in Fig. 2 is used to represent the back- 
ground or lattice heat capacity. Since the trans- 
formation is apparently a first order phase trans- 
ition, separate extrapolations of the heat capacities 
of both the high and low temperature forms might 
have been more appropriate and would almost 
certainly have led to larger values of the incre- 
ments; the proper extrapolations on this basis are 
quite ambiguous. A brief summary of the thermo- 
dynamic properties of these compounds is given 
in Table 1. 
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Table 1. Comparison of thermodynamic properties of adamantane (A), hexamethylene- 
tetramine (HMT) and triethylenediamine (TED) at 298-15°K in cal/(deg mole) 


Compound 





Adamantane is the prototype for a considerable 
variety of diamondoid derivatives obtained by 
substituting nitrogen, oxygen, sulfur, and phos- 
phorus into the skeleton. The most readily syn- 
thesized of these compounds having suitably 
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Fic. 2. Molal heat capacities of adamantane (()) and 
hexamethylenetetramine (@). 


tailored symmetries are currently being examined 
by thermophysical techniques. The higher tem- 
perature heat capacities, energetics of pseudo- 
rotation and fusion transitions are also under 
study, 


! 
| 
} 


(E°—H,)/T 
24°38 
18-26 
18-52 


—(F°—H?°)|T 
22-42 
19-65 
19-14 


2. TRIETHYLENEDIAMINE* 

This globular molecule possesses the shape of a 
symmetrical top rather than the sphericity charac- 
teristic of the diamondoid compounds. Triethyl- 
enediamine undergoes transition froma Be —P63/m 
space lattice") to a presumably more symmetrical 
structure at about 353°K, rather than at the tem- 
perature of 74°C (347°K) reported by Farkas et 
al.) No anomalies are found in the heat capacity 
from 5 to 350°K. Thermodynamic functions of 
triethylenediamine are included in ‘Table 1. The 
thermodynamics of the 353°K and fusion transi- 
tions are under investigation. 

This work is being done with the collaboration 
of SHU-sING CHANG and is partially supported by 
the Division of Research of the U.S. Atomic 
Energy Commission. 

* CeNeHiz, 1,4-diazabicyclo[2, 2, 2]octane. 
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ROTATION AND MOLECULAR DISTORTION IN THE 
CONDENSED PHASES OF HEXAFLUORIDE MOLECULES* 
B. WEINSTOCKt 


The Argonne National Laboratory, Argonne, Illinois 


Srupies of the structure and physical properties 
of hexafluoride molecules reveal effects that are of 
pertinence to the question of rotation in the solid 
state. that the 


highly symmetrical structure found for these 


Present evidence also suggests 
molecules in the vapor phase is distorted in the 
condensed phases and that this structural altera- 
tion has a significant effect on the equilibrium 
thermodynamic properties of these compounds. 
There are twelve known hexafluoride molecules 
each of which has the common distinction of being 
the most volatile compound of its element. Six of 
the elements that form hexafluorides are in the 
sixth column of the periodic table and use all of their 
valence electrons for the formation of the six fluorine 
bonds. The other six form two transition series in 
which there are non-bonding electrons besides 
the six fluorine bonds: ReF., OsF¢, IrFg and PtF¢ 
have 5d1, 5d2, 5d? and 5d4 non-bonding electronic 
configurations respectively, and NpF¢ and PuF’s 


* Based on work performed under the auspices of the 
U.S. Atomic Energy Commission. 


+ Present address: Ford Motor Company, Scientific 
Laboratory, P.O. Box 2053, Dearborn, Michigan. 


have 5f1 and 5/2. These non-bonding electrons 
give rise to interesting electronic and magnetic 
properties that have been partially studied in both 
vapor and condensed phases. ~4? 

The structure of all of the hexafluoride mole- 
cules in the vapor phase has been established as 
that of a regular octahedron, symmetry Op, both 
by vibrational spectroscopy®-®) and_ electron 
diffraction ’,10) The metal to fluorine 
distances for six of them ® in the two transition 
series are given in ‘Table 1. Owing to their high 
symmetry and spherical-like contour, one might 
expect all of these molecules to be examples of 
compounds. 


studies. “ 


Professor Timmermans’ globular 
However, in ‘Table 1, we see that the entropy of 
fusion for the three 5f hexafluorides of about 13 
cal mole~! deg-1"1) far exceeds the value of 5 cal 
mole~! deg! that Professor Timmermans has 
suggested as the limit for plastic crystals. ‘This 
high value for the entropy of fusion is a conse- 
quence of the close packed arrangement of these 
hexafluoride molecules in the solid state, which 
makes the possibility of rotation very unlikely. 
The crystal structure has orthorhombic holohedral 
symmetry, space group p16 — Pnma, Which in 


Table 1. 


WFes 


* distance, A 1-833 
UFs 


M-F distance, A 1-996 


13-6 


Entropy of fusion, cal mole~! deg 


64°05 


Triple point temperature, °C 


IrF¢ 


1-830 
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idealized form positions the fluorine atoms in 
parallel planes double hexagonally close packed 
(ABAC) with the metal atoms in the appropriate 
interstitial positions. 2-14) It is also very probable 
that free rotation does not even occur in the liquid 
state for these molecules since the rotational en- 
tropy in the vapor phase at their triple point 
temperatures is about 22 cal mole! deg-! which 
is much greater than the entropy of fusion. 

The 5d transition series hexafluorides, WF, 
ReF¢, OsF , IrF, and PtF¢, all show a transition in 
the solid state from the close packed orthorhombic 
structure to a less dense body centered cubic 
form. 5) This transition occurs at 3°C for PtF,“® 
and the entropy of transition calculated from 
vapor pressure data and the Clapeyron relation is 
7:7 cal mole! deg~!. The fusion triple point is at 
61-3°C and the entropy of fusion 3-2 cal mole™! 
deg-1. Cubic PtFg and probably the other 5d 
hexafluorides would therefore qualify as plastic 
crystals. It is tempting to consider the solid—solid 
transition in PtF¢ as a consequence of the onset of 
rotation in the solid and the small entropy of 
fusion is in agreement with this view. However, 
the total entropy change associated with the two 
transitions is only 10-9 cal mole~! deg~!, which, 
similarly to the 5f hexafluorides, is substantially 
less than the rotational entropy of the molecules 
in the vapor phase (22-1 cal mole! deg! at the 
fusion point). It therefore seems likely that there 
is relatively little difference with regard to rotation 
between the cubic solid and the liquid and that free 
rotation does not occur in either case. The en- 
tropy associated with the solid—solid transition in 
PtF¢ is 7:7 cal mole~! deg“! = R In 48. Since the 
symmetry number of this molecule is 24, a simple 
explanation for this transition similar to that 
offered by GuTHRIE for so many organic com- 
pounds is not readily apparent.“”) 

Preliminary X-ray data with PtF¢ gives the 
value of 6-21 A for ao, the side of the unit cubic 
cell.“5) By assuming that the six Pt-F bonds are 
directed along the rectangular cubic axes a mini- 
mum value for the radius of PtFg of 3-10 A is 
obtained. Using 1-83 A for the Pt-F distance, the 
fluorine radius in the molecule is computed to be 
1:27 A. This is smaller than the ionic fluorine 
radius, 1-33-1-36 A. However, there is a con- 
traction to be expected in the fluoride radius 
because of the partial covalent nature of the bonds 


and also owing to the high charge on the central 
atom.8) Such a contraction could account for 
some of this difference. Measurements of the 
orthorhombic solid density of Ptl’s as a function 
of temperature have been made to liquid nitrogen 
temperatures.6) When these values are extra- 
polated linearly to absolute zero the density calcu- 
lated is 0-0231 mole/cm*. This value is in agree- 
ment with the value, 0-0226 mole/cm?, that one 
calculates using 1-83 A for the Pt-F distance and 
the idealized orthorhombic structure; i.e. the 
intermolecular F—F distance taken the same as the 
intramolecular F-F distance. The F-—F distance 
in the regular octahedron is 1-29 A. In the liquid 
the observed density is 0-0125 mole/cm?. The 
density of a set of close packed spheres of radius 
3:10 A is 0-0099 mole/cm®. This latter density 
would be expected for PtF¢ if the molecules were 
rotating freely in the liquid. ‘These considerations 
suggest that free rotation does not occur in either 
the liquid or cubic solid but rather a hindered or 
correlated cog-wheel type rotation occurs. 

The vapor pressures of UFs, NpF¢ and PuF¢ 
shown in Fig. 1 have a very complicated charac- 
tes.11) ‘The vapor pressure of NpF¢ in the solid 
is greatest and in the liquid intermediate between 
that of UFg and PuFs. Solid UF¢, at the lowest 
temperature is least volatile, crosses the vapor 
pressure of PuF¢ to an intermediate value and in 
the liquid is most volatile. These results are par- 
ticularly curious since there are no irregularities 
apparent in the molecular weights, metal to 
fluorine distances, vibrational frequencies, and 
crystal densities to account for this complicated 
behavior. ‘The crystal structures of the three mole- 
cules are the same and the lattice parameters are 
identical within the experimental uncertainty of 
0-003 A. The metal to fluorine distances decrease 
regularly in going through the sequence UFs, 
NpF¢ and PuF¢, and, since their crystal spacings 
are the same, we can conclude that the van der 
Waals binding in the crystals decreases in the same 
order as the metal to fluorine distances. The 
observed melting points decrease similarly in 
agreement with this view, i.e. UFg melts highest 
and PuF¢ lowest. This concept, however, predicts 
that Puls should be most volatile, contrary to the 
observations. In order to explain the complicated 
anomalous vapor pressure observations, it has 
been suggested that the octahedra are distorted 





B. WEINSTOCK 





Fic. 1 


in the condensed phase and that this effect is 
different for the three molecules.“!) In the 
original vibrational spectra measurements with 
UF¢,"% the Raman shifts for oj and cg observed 
for the pure liquid were markedly different from 
the values derived from infrared combination 
bands in the vapor, while the Raman shifts ob- 
served for ce and os in a dilute solution of UF¢ in 
a fluorocarbon agreed with the values derived 
from the vapor. This large shift between the 
vibrational frequencies observed in the pure 
liquid compared to those observed in the vapor 
or dilute solution has been confirmed by measure- 
ment of the Raman spectrum of the vapor.'20) 
The vibrational frequencies are lower in the liquid 
than in the vapor and as a consequence there is a 
lowering of the vapor pressure for the system. 
Measurements of the partial pressure of UF¢ in 
fluorocarbon solutions show large positive devia- 
tions from Raoult’s law. These deviations become 
as large as 40 per cent at UF¢ concentrations of 20 
mole per cent or lower and are observed at tem- 
peratures above and below the triple point of UF¢. 
These observations are in agreement with the 
vibrational spectra results and suggest that mole- 
cular distortion does indeed have an important 


effect on the vapor pressures. ‘These considerations 
lead to the prediction that in dilute solution the 
partial pressures of PuFs, NpF¢ and UF¢ at the 
same temperatures and concentrations would de- 
crease in that order, which is the inverse order of 
the vapor pressures of the pure liquids. ‘The 
crossing of the vapor pressure of solid UF¢ and 
PuF is in agreement with this view, since at lower 
temperatures the contribution of the vibrational 
modes to the partition function becomes less im- 
portant and the vapor pressures should arrange 
themselves in an order with the one compound 
having the strongest van der Waals binding, UF¢, 
being the least volatile. The fact that NpF¢ is 
most volatile in the solid remains anomalous but is 
believed to be a consequence of the fact that of 
these three compounds only NpF¢ is_para- 
magnetic.“ 2) One possibility is that there is an 
interaction between the paramagnetic electron and 
the “crystalline field,” that is different in the liquid 
than in the solid. The ground electronic state of 
the molecule would then be shifted by different 
amounts in liquid and solid relative to the state 
in the undistorted vapor molecule. In order to 
explain the excess volatility of solid NpF¢ on this 
basis this effect must be of the order of 30-100 





ROTATION AND MOLECULAR DISTORTION IN HEXAFLUORIDE MOLECULES 89 


11. Wernsrock B., WEaAvER E. E. and Maw J. G., /. 
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12. Hoarp J. L. and Strovupe J. D., 
Structure of UFe, Cornell Report 
(1944). 


cm7!, It is interesting to note that the entropy of 
fusion of NpF is lower than that both of UF¢ and 
PuFs by an amount of the order of 100 cm7 
(Table 1) in agreement with this possibility. 


X-ray Crystal 
A-1296 
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SOME CONCLUDING REMARKS ON SYSTEMATIC STUDIES 
OF BARRIERS TO ROTATION IN CRYSTALS 


A. R. UBBELOHDE 


Imperial College, London 


Ir may be profitable to detail some of the unsolved 
problems that seem to call for urgent attention, 
both by more experimental work, and by the de- 
velopment of more accurate and more manageable 
theoretical models. For convenience these prob- 
lems may be divided into three groups which 
refer respectively to thermodynamic properties, 
to relaxation times, and to mechanical properties, 
though of course new developments in any one 


group usually influence the other two. 


THERMODYNAMIC PROBLEMS 

Thermodynamic properties decidedly show the 
need for much more work on the effects of changes 
of pressure on rotational transitions. Various lines 
of evidence suggest that barriers to rotation are 
quite sensitive to increases in pressure of the order 
of a few hundred atmospheres. It is a great weak- 
ness in our present understanding of rotational 
transitions that effects of changes of temperature 
are known in very much greater detail than effects 
of changes of pressure. ‘The well known instance 
of the lambda transition in methane which de- 
velops two peaks in place of one at increased 
pressures points to the kind of new information to 
be obtained. Comparisons between isotopic mole- 
cules can give closely related information about 
the detailed configuration of rotational barriers. 
Bonds between various atoms and hydrogen nor- 
mally have a slightly greater Van der Waals re- 
pulsion envelope than the corresponding tonds 
to deuterium. This means that the isotopic mole- 
cules containing deuterium are contained in a 
lattice slightly more shrunk than is the case with 
the normal molecules containing hydrogen. Usually 
this shrinkage would be expected to increase the 
barriers to rotation in a way somewhat analogous 
to the effects of increase of pressure, though 


differences of moments of inertia and of nuclear 
spin can also change details of the thermodynamic 
transformations for isotopic molecules, because 
of quantum effects. 

Another pressure variable about which syste- 
matic information is urgently required is the com- 
pressibility of the crystal in its two states. Modern 
techniques of measuring the velocity of sound 
should prove helpful for this requirement, whose 
fulfilment can for example lead to the calculation 
of transitions at constant volume rather than the 
usual constant pressure, 

A second thermodynamic variable about which 
present information seems quite inadequate is the 
crystal density. Experimental densities are re- 
quired accurate to about one part in 106, for com- 
parison with theoretical densities calculated from 
precision values of the unit cell of the crystal 
lattice. For molecular crystals, such comparisons 
seem to be the most direct route availakle to de- 
termine whether the concentration of crystal de- 
fects becomes high—say of the order of 0-1 per 
cent—in the plastic state of the crystal under dis- 
cussion. Possit ly some kind of buoyancy method 
with helium, using very finely ground crystals, 
would help to discriminate between defects in 
thermal equilibrium in the high temperature state 
of the crystal, and pores and vacuoles whose 
significance is only trivial. As is well known, pre- 
cision measurements of the space-occupancy of 
crystals when these are plastic is quite difficult. 

A third thermodynamic problem arises in con- 
nection with studies of the effects of diluents on 
rotational transitions in crystals. There seem to 
be opportunities as yet unexploited for more re- 
fined studies on the modification of barriers to 
rotation ty the addition of diluents in solid 
some of the 


solution. Effects of diluents on 
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non-thermodynamic properties are however pro- 
bably even more revealing. Very little seems to be 
known about these at present. 

A fourth thermodynamic problem is not per- 
haps of equal importance with the first three. 
Nevertheless it is interesting to inquire how many 
crystals with possibilities of rotational transitions 
show any residual entropy at 0°K due to frozen-in 
rotational disorder. 


RELAXATION TIMES 

The second group of problems arises from de- 
velopments in the possibilities for measuring 
relaxation times in rotational transitions. Measure- 
ments of relaxation times by means of nuclear 
magnetic resonance, or dielectric relaxation, can 
presumably give much more detailed information 
about barriers to rotation than measurement of 
thermodynamic parameters which always present 
broad statistical averages. However, it seems that 
in this group of problems, too, there are many un- 
answered questions. Probably it can serve a useful 
purpose to try to define some of these questions 
as Closely as possible in the light of current infor- 
mation, although further research may alter the 
best way of stating them. 

As with studies of thermodynamic properties, 
the influence of pressure on the parameters 
characterizing rotational barriers in relation to 
relaxation times calls for systematic study. In 
some cases comparisons between isotopic mole- 
cules can amplify the information obtained from 
direct variations of pressure. Crystal defects could 
likewise have an important influence on relaxation 
times. Defects can be created or modified by adding 
diluents in solid solution. One would expect 
certain diluents to reduce the barriers and others 
to increase them. 

Other important problems in connection with 
relaxation times associated with rotation in crystals 
refer to what may be called coupled or co-operative 
or synchronous molecular processes. It does not 
seem clear, for example, whether the ‘‘diffusion”’ 
effects that become apparent in some nuclear 
magnetic studies of rotational transitions, involve 
the same parameters as those controlling ordinary 
mass diffusion of the molecules, which are usually 
thought to involve hopping mechanisms. Do the 
specific molecules that are activated for rotation 
find it easier to hop from one site to another, or 
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is the hopping diffusion completely uncorrelated 
with such rotational activation? 

And again, various authors have referred some- 
what loosely to the synchronous rotation of 
neighbouring molecules, comparing these to slack 
gear wheels, and so on. It seems highly desirable 
to formulate such suggestions with the maximum 
degree of quantitative precision, in order to per- 
mit fruitful experimental investigations. For 
example, the probability P; of a rotational ‘‘flip’’ of 
a non-spherical molecule can normally be re- 
garded as given by the reciprocal of a characteristic 
frequency of relaxation. If the “flips”? are com- 
pletely uncorrelated, as would seem to apply for 
rotators isolated in the crystal, fluctuation theory 
suggests a probability relationship of the form 


P, = a exp(—e/kT) 


where the barrier « and the factor a may depend 
on such variables as the pressure, but do not in- 
volve what neighbouring molecules are doing. On 
the other hand, when are synchronized 
more or less closely, this involves the theory of 


“flips” 


co-operative fluctuations. Such theory has not 
been developed very far at present,* but a well 
known instance is the contrast between unimole- 
cular or bimolecular chemical reactions, that can 
be treated by the theory of uncorrelated fluctua- 
tions, and chain chemical reactions. Very tenta- 
tively, the probability of co-operative flips might 
perhaps take the form 


Fr = af(T) exp( om ¢ kT) 


where the factor f(T) allows for the length of a 
chain of interdependent events. Our knowledge of 
reaction chains in chemistry suggests that the 
length of a co-operative chain in rotational flips 
is likely to decrease as more diluents are added or 
as the temperature is raised. By way of illustration, 
an expression of the form 

n 

P, = a’ 1 —_ 
N 


= 7) 
exp b{1——}] | exp(—«’/RT) 
pa{t— =) | ex 


where T; is the peak transition temperature, and 
n/N is the fraction of lattice sites occupied by 
diluent molecules could represent the way co- 
operative fluctuations would vary for rotators in 





* Some illustrative examples are discussed by UBBE- 
LOHDE A. R., Trans. Faraday Soc. 33, 1198 (1937); 23, 
128 (1957). 
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crystals. More experiments on the role of diluents 
in affecting relaxation times, and on the precise 
temperature dependence of relaxation, could 
throw important light on how far rotational 
“flips”’ are at all co-operative. 

Professor TIMMERMANS in his introductory re- 
marks suggested that above the clearing point of 
liquid crystals the molecules in liquids are rotating 
freely. However, considerations about volume 
occupancy suggest that this is highly unlikely in 
any liquids when the molecular shape departs 
significantly from the spherical. Clusters of more 
or less parallelized molecules must be present, 
though their extent and degree of order is in- 
sufficient to lead to optical anisotropy for light of 
visible wave lengths. Presumably in such liquids 
molecular rotation is likewise frequently “syn- 
chronous’”’. This can lead to highly anomalous 
entropies of activation S, in reaction rate expres- 
sions such as those for the viscosity of the liquids: 


hN Be E 


exp | — 


R ) exp PS, 


UBBELOHDE 


(cf. ANDREwWs and UsBBELOHDE A. R., Proc. Roy. 
Soc. 228A, 435 (1954)). 


MECHANICAL PROBLEMS 


A third group of problems refers to the 
mechanical properties of crystals in which mole- 
cules are considered to undergo “rotation’’. It 
seems likely that the plastic property of many such 
crystals, referred to by Professor TIMMERMANS, 
must be associated with a comparatively large 


“cc 


concentration of crystal defects, such as lattice 
vacancies. At a guess, marked plasticity would be 
expected for concentrations of vacancies of the 
order 0-1 to 1 per cent. If these vacancies are 
really present in thermal equilibrium in the crystals, 
the addition of diluents in solid solution, though it 
might reduce rotational barriers, could actually 
increase resistance to plastic flow by making it 
harder for vacancies to move along many lattice 
sites. It would be most interesting to determine 
whether such effects of diluents are at all prom- 
inent. 
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Zusammenfassung — Die vorliegende Arbeit befasst sich mit der quantitativen theoretischen 
Interpretation neuerer Messungen iiber die Einmiindung in die ferromagnetische Sattigung in 
plastisch gedehnten Nickel- und Nickel—Kobalt-Einkristallen. Mit Hilfe der im Teil I dieser Arbeit 
entwickelten allgemeinen Theorie fiihren wir den Vergleich zwischen Experiment und Theorie fiir 
das an anderer Stelle fiir den Verfestigungsbereich II angegebene Versetzungsmodell durch. Ohne 
Anpassung von Parametern ergibt sich vorziigliche Ubereinstimmung sowohl hinsichtlich des 
Absolutwerts der differentiellen Suszeptibilitat als auch hinsichtlich ihrer Abhangigkeit von der 
Fliessspannung, der Messtemperatur und der magnetischen Feldstarke. In Einzelheiten wird gezeigt, 
dass in die magnetischen Messungen besonders empfindlich die Versetzungsanordnung innerhalb 
aufgestauter Versetzungsgruppen und das elastische Fernfeld zwischen Versetzungsgruppen 
entgegengesetzten Vorzeichens eingehen. Wir besprechen ferner eine Reihe von Verfeinerungen der 
Verfestigungstheorie, die jedoch das Endresultat nur wenig beeinflussen. Die vorliegenden Ergeb- 
nisse zeigen, dass die Suszeptibilitatsmessungen ein quantitatives Hilfsmittel fiir die Erforschung der 
Versetzungsanordnung in Ferromagnetika darstellen. In den hier untersuchten Fallen entscheiden 
diese Messungen zwischen den Theorien der Verfestigung durch den sog. Verfestigungswald oder 
durch weitreichende Spannungsfelder eindeutig zu Gunsten der letzteren. 


Abstract—The present paper is concerned with the quantitative theoretical interpretation of recent 
measurements of the approach to ferromagnetic saturation in nickel and nickel—cobalt alloy single 
crystals deformed in tension. Employing the general theory given in part I of this work, the com- 
parison between experiment and theory is based on the dislocation model that was developed else- 
where for the work-hardening in stage II of the stress-strain curve of f.c.c. single crystals. Without 
adjusting parameters, very good agreement with respect to the absolute magnitude of the differential 
susceptibility as well as to its dependence on flow-stress, temperature, and magnetic field is obtained. 
As is discussed in some detail, the magnetic measurements are particularly sensitive to the dislocation 
arrangement within the piled-up groups and to the long-range stress fields between piled-up groups 
of opposite sign. We also discuss a number of refinements in the theory of work-hardening, which, 
however, have little effect on the final result. The present results demonstrate that susceptibility 
measurements provide a quantitative tool for the study of dislocation distributions in ferromagnetic 
materials. In the particular cases studied, they decide the controversy between ‘‘forest’’ theories of 
work-hardening and the “long range stress field’’ theory definitely in favour of the latter. 


1. EINLEITUNG UND UBERBLICK Suszeptibilitat X von Ferromagnetika im Gebiet 
Wie aus zahlreichen experimentellen Arbeiten der Einmiindung in die Sattigungsmagnetisierung, 
bekannt ist,4-§ nimmt die differentielle also bei grossen Feldstarken H, mit der plastischen 
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Verformung des Materials stark zu. Ubersicht- 
liche Verhaltnisse, die eine Korrelation mit den 
derzeitigen Vorstellungen iiber den Mechanismus 
der plastischen Verformung und Verfestigung von 
Kristallen gestatten, wurden jedoch erst gefunden, 
als Einkristalle untersucht wurden. 4:6) Messungen 
der Temperaturabhingigkeit der differentiellen 
Suszeptibilitat von Nickeleinkristallen bewiesen, 
dass, wie schon von Brown':8) angenommen, die 
Erhéhung von X durch plastische Verformung von 
der magnetischen Wirkung innerer Spannungen 
(also von Versetzungen) herriihrt. Zur feineren 
Analyse der Versuchsergebnisse erwies es sich als 
zweckmiassig, nicht wie friihere Autoren von der 
H-Abhiangigkeit der differentiellen Suszeptibilitat 
auszugehen, sondern von deren Variation mit der 
Fliessspannung 7 des verformten Einkristalls. Es 
ergab sich vorziigliche Ubereinstimmung mit der 
von der Stuttgarter Schule entwickelten und ver- 
tretenen Theorie der Verfestigung kubisch- 
flachenzentrierter Einkristalle.-®) Dies gilt sowohl 
fiir Ni-Einkristalle als auch fiir Einkristalle einer 
Legierung von 80 Prozent Ni und 20 Prozent Co, 
die eine besonders niedrige Kristallenergie besitzt 
und deswegen die Messung des Einmiindungs- 
gesetzes bis herab zu verhiltnismassig kleinen 
Feldstarken gestattet. 

Der Einmiindungsbereich zeichnet sich vor allen 
Magnetisierungsvorgingen dadurch aus, dass in 
ihm keine Bewegungen von Bloch-Wénden statt- 
finden. Bei der theoretischen Deutung tritt die in 
der Theorie der Magnetisierungskurve sonst so 
stérende ungeniigende Kenntnis der Zahl, Art und 
Anordnung der Blochwande nicht auf. Unbekannt 
ist lediglich die Verteilung der inneren Span- 
nungen. Man kann daher die Einmiindungsmes- 
sungen dazu beniitzen, nahere Informationen iiber 
die Zahl und Anordnung der Quellen dieser 
inneren Spannungen, also der Versetzungen, 
abzuleiten. Wie die vorliegende Mitteilung zeigen 
wird, kann man auf diese Weise in der Tat eine 
Reihe von Fragen, iiber die in einem Teil der 
neueren Literatur Unklarheiten bestehen, einfach 
und iiberzeugend beantworten. 

Im Teil I dieser Arbeit wurde gezeigt,°) dass 
es durch eine Erweiterung und Weiterfiihrung der 
von Brown®) beniitzten Rechenmethode mdglich 
ist, die differentielle Suszeptibilitat explizit in der 
Versetzungsverteilung (und natiirlich Material- 
konstanten wie den magnetostriktiven und elasti- 
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schen Konstanten) auszudriicken.* In die Lésung 
geht dabei die Fourierzerlegung der raéumlichen 
Wie wir sogleich 
anschaulich erlautern werden, sind fir die 
differentielle Suszeptibilitat nicht alle Fourier- 
komponenten gleich wichtig. Den Hauptbeitrag 
liefern Versetzungen, die etwa im Abstand der 
vonein- 


Versetzungsverteilung ein. 


sog. Austauschliange x«x~! = (C/HI,)!/2 
ander liegen (C = Konstante der Austausch- 
energie, siehe Teil I; J; = Sattigungsmagneti- 
sierung). Bei Nickel betragt fiir H = 2000 Oe die 
Austauschlinge «~! = 130 A; sie liegt also in je- 
nem Bereich, der fiir die Versetzunganordnung in 
kaltverformten kubisch-flachenzentrierten Metal- 
len wesentlich ist. 

Die vorstehenden Bemerkungen iiber die Wech- 
selbeziehungen zwischen Austauschkopplung und 
Versetzungsanordnung werden in Abschnitt 2 
anschaulich erlautert werden. In Abschnitt 3 
erinnern wir kurz an die Grundbegriffe der 
Theorie der Verfestigung,"!5) soweit wir sie fiir 
das Verstandnis der magnetischen Erscheinungen 
benétigen. Fir letztere spielen vor allem die 
wahrend der Verformung gebildeten aufgestauten 
Versetzungsgruppen eine wichtige Rolle. Dement- 
sprechend behandeln wir in Abschnitt 4 aus- 
fiihrlich deren Spannungsfelder. Zusammen mit 
einigen weiteren Verfeinerungen der in Abschnitt 3 
skizzierten einfachen Theorie fiihrt dies in 
Abschnitt 5 auf eine verbesserte Berechnung des 
Verfestigungsanstiegs. Wir kénnen einerseits auf 
diese Weise angeben, welche Versetzungsver- 
teilung in unserem Modell bei gegebener Fliess- 
spannung vorliegt. Andererseits ist damit auf 
Grund der in I entwickelten Theorie die differenti- 
elle Suszeptibilitat festgelegt. Durch den Vergleich 
der berechneten Suszeptibilitat (Abschnitt 6) mit 
den gemessenen Werten (Abschnitt 7) ist eine 
Priifung des zugrundegelegten Versetzungsmodells 
méglich. Man bekommt eine gute Ubereinstim- 
mung mit unserem Modell. Eine nahere Diskussion 
(Abschnitt 8) zeigt, dass Verfestigungsmodelle von 
der Art der Bastnsk1"6) und Hirscu‘l?) 
vorgeschlagenen weder in der Gréssenordnung 
noch in Einzelheiten Ubereinstimmung mit dem 


von 


Experiment ergeben wiirden. 


* Es handelt sich hier um eine Fragestellung aus dem 
Problemkreis des sog. Mikromagnetismus (BROWN), dem 
neuerdings verstirktes Interesse entgegengebracht 
wird. (11,12,13,14) 
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2. AUSTAUSCHKOPPLUNG UND VERSET- 
ZUNGSANORDNUNG 

In diesem Abschnitt wollen wir anschaulich zeigen, 
wie die Spinverteilung im Einmiindungsbereich von der 
Versetzungsanordnung abhangt und wie insbesondere 
die starke Wirkung von Versetzungsgruppen zustande 
kommt. Die Austauschkopplung zwischen benach- 
barten Elektronenspins versucht, starke raumliche 
Gradienten der Magnetisierungsrichtung nach Mdglich- 
keit zu vermeiden und lokale St6rungen in der Mag- 
netisierungsrichtung, etwa durch Inhomogenititen oder 
magnetostriktive Effekte, zu glatten. 

Fassen wir zunichst eine flichenhafte Spannungs- 
quelle in der Ebene x = 0 ins Auge, so wird die Mag- 
netisierungsrichtung um einen Richtungskosinus 


1) 


gegeniiber dem von den Spannungen unbeeinflussten 
Bereich ausgelenkt.* Es ist hierbei 


« = (HI,/C)12 


y(x) = A exp(— xx) 


fr 
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Spannungsquellen innerhalb der Austauschlinge «~!, so 
besteht zwischen diesen eine magnetische Wechselwirk- 
ung. Die Magnetisierungsrichtung kann den einzelnen 
Spannungsquellen nicht mehr vollstandig folgen und 





(a) 
AsB. 1(a). Schematische Darstellung des Einflusses weit 
auseinanderliegender Versetzungen auf die Magneti- 
sierungsrichtung. 
des Einflusses auf- 
Magnetisierungsrich- 


Darstellung 
auf die 
tung. 


(b). Schematische 
gestauter Versetzungen 


t 
- 


_ 


Ass. 1(c). Qualitativer Verlauf der Magnetisierung in der Nahe zweier 


Versetzungen. 


Dabei wurde «Ri; 


= 2 gewahlt und die Auslenkung 


aus der Feldrichtung etwa um den Faktor 5 vergrossert. 


mit den schon in Abschnitt 1 erlauterten Bedeutungen 
der Konstanten. A ist eine durch die Starke der Span- 
nungsquelle festzulegende Integrationskonstante. Die 
Austauschlinge «~! ist dadurch charakterisiert, dass in 
der Entfernung «~! von der Spannungsquelle die 
Stérung der Magnetisierungsrichtung auf das e~!-fache 
abgefallen ist. Eine lokale Stérung der Magnetisierungs- 
richtung wird also durch die Wirkung der Austausch- 
kopplung in den Kristall hineingetragen. Liegen mehrere 


* Gl. (2.1) gilt, wenn innere Streufelder vernach- 
lassigt werden diirfen. In der ausfiihrlichen Rechnung in 
Abschnitt 6 ist der Beitrag der inneren Streufelder voll 


beriicksichtigt. 


verhilt sich im Grenzfalle so, als ob nur eine Spannungs- 
quelle mit entsprechend grdsserer Starke vorhanden 
wire. Wenn die gegenseitigen Abstande der Spannungs- 
1 sind, so reicht das Auflésungsver- 
um einzelne 


quellen groésser als x 
mogen der Magnetisierung 
Spannungsquelle anzuzeigen. In Bild 1(a) und 1(b) ist 
am Beispiel von Versetzungen dieser Zusammenhang 
zwischen Abstand und Austauschliange «~! schematisch 
dargestellt. Wie bereits ausgefiihrt, betraigt bei Ni «7? 
bei 2000 Oe etwa 130 A. Von derselben Gréssenordnung 
sind die mittleren Abstande der Versetzungen in plast- 
isch verformten Einkristallen. Demnach ist zu erwarten, 
dass X in starkem Masse von der Versetzungsanordnung 
abhingt und dass Messungen von X experimentelle 


aus, jede 
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Aussagen hieriiber gestatten. Insbesondere sollten die 
Suszeptibilitatsmessungen im Einmiindungsgebiet eine 
Klarung der Frage gestatten, inwieweit im Innern eines 
plastisch verformten Einkristalls ein elastisches Fernfeld 
entsprechend Fig. 1(b) vorhanden ist, oder ob die 
Versetzungsstruktur eher einem Versetzungsnetzwerk 
entspricht, bei dem keine wesentliche Abweichungen von 
der statistischen Verteilung der Versetzungen in Form 
von Versetzungsgruppen auftreten. In Bild 1(c) wird am 
Beispiel zweier Stufenversetzungen der Einfluss elas- 
tischer Spannnugen, welche von Versetzungen herrihren, 
auf die Magnetisierungsrichtung qualitativ dargestellt. 


3. VERFESTIGUNG UND VERSETZUNGSANORD- 
NUNG KUBISCH-FLACHENZENTRIERTER 
KRISTALLE 

In der Theorie der Verfestigung kubisch- 
flaichenzentrierter Metalle pflegt man drei Ver- 
festigungsbereiche 1, II und III zu_ unter- 
scheiden.'9) Wir befassen uns hier in erster Linie 
mit dem sog. Bereich II, in welchem der Ver- 
festigungsanstieg @;; = dr/da (7 = Fliessspan- 
nung, a = Abgleitung) den gréssten Wert besitzt. 
Die Griinde hierfiir sind, dass der Bereich II fiir 
das Verfestigungsverhalten der kubisch-flachen- 


zentrierten Metalle am charakteristischsten ist, 


dass eine experimentell gut bestatigte Theorie der 
é 5 


Verfestigung in diesem Bereich vorliegt, ‘9 15) und 
dass man die wesentlichsten Ziige der Verset- 
zungsanordnung in diesem Bereiche kennt. 9-18-19) 
Letzteres ist die Voraussetzung fiir die Berech- 
nung der differentiellen Suszeptibilitat X im 
Einmiindungsgebiet an Hand der in Teil I der 
vorliegenden Arbeit entwickelten Theorie. Wah- 
rend diese Berechnung von Unsicherheiten ganzlich 
freiist, gehen in die Berechnung der Fliessspannung 
gewisse Mittelbildungen tiber das Schubspan- 
nungsfeld im Kristallinnern ein, deren genaue 
Form sich deduktiv schwer begriinden lasst.* Es 
ist deshalb sehr willkommen, dass die Ein- 
miindungsmessungen eine strengere quantitative 
Priifung der theoretischen Vorstellungen zulassen, 
als dies bisher méglich war. Wir wollen im vorlie- 
genden Abschnitt zunachst kurz an die groben 
Ziige des Verfestigungsmodells erinnern und die 
Priifungsméglichkeiten 


durch die verbesserten 


* Dies haingt damit zusammen, dass die zur ,,Aus- 
inneren Spannungen’  verwendeten 
selbst wieder Versetzungen sind, und 


messung’ der 
, Probek6érper’’ 
dass diese sich iber Entfernungen bewegen, die ver- 
gleichbar mit oder grésser als die Wellenlange der 
inneren Spannungen sind. 
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nahegelegten Verfeinerungen bis zu Abschnitt 5 
zuriickstellen. 

Die Fliessspannung 7+ 
Abgleitung setzt sich gemass 


bei einer gegebenen 


(3.1) 


aktivierten Prozessen 


athermischen 


aus einem thermisch 
herriihrenden (7s—) und einem 
(7qg—) Anteil zusammen. In den uns interessier- 
enden Fallen riihrt ts; vom sog. Versetzungswald 
her, d. h. von jenen Versetzungen, die die Gleit- 
ebene durchstossen. Zur Ermittlung des 7s- 
Anteils sind Messungen der 'Temperaturabhiangig- 
keit der Fliessspannung in Verbindung mit einer 
quantitativen Theorie erforderlich. Solche Mes- 
sungen liegen zwar an Cu vor, 79-15-21) nicht aber an 
Nickel oder Nickel-Legierungen, doch diirften 
sich die Verhaltnisse bei Nickel nicht wesentlich 


von 


von denen bei Kupfer unterscheiden. Bei der 
Ableitung von zs aus den Messungen'29:!5) waren 
allerdings, wie wir heute wissen, ??) die Bildungs- 
energien der Spriinge zu gross angesetzt worden, 
so dass der ermittelte Wert von 7s zu gross war. 
Gemiass 

(3.2) 


setzt sich 7, das im Bereich II der Verfestigungs- 
kurve gross gegen vg ist, zusammen aus dem 
inneren Spannungsfeld 7g der in der Gleitebene 
liegenden Versetzungen und einem Beitrag 7¢™’, 
der von den weitreichenden elastischen Span- 
nungen der Waldversetzungen herriihrt und auf 
den besonders HirscH®?) und Mitarbeiter?) 
hingewiesen haben. Eine Berechnung von 7¢™) 
durch Saapa4) ergibt zusammen mit eigenen 
Abschiatzungen, dass tg bei nicht zu hohen 
Temperaturen von der Gréssenordnung von 73s 
ist, und dass 75 +7¢™) etwa den urspriinglich fiir 
tg allein angegebenen Wert"? hat. Da, wie wir in 
Abschnitt 8 genauer besprechen werden, der Ver- 
setzungswald praktisch nichts zur magnetischen 
Suszeptibilitat beitragt, uns beim 
Vergleich von Theorie und Messungen das Ver- 
haltnis tg/7. Dieses Verhaltnis liegt nahe bei 
Eins, so dass wir es nach dem eben Gesagten ohne 
ernsten Fehler durch das friiher™®) fiir Kupfer 
berechnete 7g/7-Verhiltnis und das 
Resultat auch auf Nickel anwenden kénnen. Die 
im Rest der Arbeit angegebenen 7¢)-Werte sind 
auf diese Weise erhalten worden. 


interessiert 


ersetzen 
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Die physikalische Bedeutung von 7g“) ist fol- 
gende : Im Bereich II schreitet die Gleitung durch 
fortwahrende Neubildung von Gleitlinien fort, ‘25) 
und zwar wohl durch Betiatigung von Frank 
Read-Quellen. Dabei muss die angelegte Span- 
nung gross genug sein, um der Quellenversetzung 
bei ihrem ersten Umlauf die Uberwindung der 
Gegenspannungen (im verformten Kristall sind 
dies vor allem die zu 7! beitragenden), zu er- 
méglichen. Die kleinsten Werte nehmen diese 
Spannungen auf Gleitebenen an, die gerade in der 
Mitte zwischen zwei aufgestauten Versetzungs- 
gruppen hindurchlaufen. Da das bei diesem ersten 
Umlauf iiberstrichene Gebiet einen Radius von 
der Gréssenordnung de: Wellenlinge der inneren 
Spannungen besitzt, ist die Bedingung fiir die 
Betatigung neuer Frank—Read-Quellen diejenige, 
dass +" gleich dem Maximum der Schubspan- 
nungen in dieser Gleitebene ist. Die Verhiltnisse 
sind an anderer Stelle) an Hand von Beispielen 
fiir den unverformten Kristall diskutiert worden. 
Sie lassen sich auf den Bereich II iibertragen, 
wenn man die im verformten Kristall vorhandenen 
Gruppen von n Versetzungen durch Uberverset- 
zungen des Burgersvektors nb ersetzt. Fassen wir 
beispielsweise die Bewegung von Schraubenver- 


setzungen ins Auge und bezeichnen mit N’ die 
Flaichendichte der Versetzungsgruppen, so ergibt 
sich (G = Schubmodul, 6 = Betrag des Burgers- 
vektors der einzelnen Versetzung) 


wo « ein geometrischer Faktor der Gréssenord- 
nung | ist. 

Die fiir die Berechnung des Verfestigungsan- 
stiegs erforderliche Kenntnis der mit einer 
Vergrésserung von N’ bzw. 7¢ verbundenen 
Abgleitung kann man auf zwei Wegen bekommen. 
Man findet experimentell, dass sich der Zusam- 
menhang zwischen Gleitlinienlinge 2 und 
Abgleitung a mit Hilfe zweier Konstanten A und 
a* in der Form") 


(3.4) 


darstellen lasst. Identifiziert man L mit dem 


Laufweg der Versetzungen, so kann man die von 
den Versetzungen iiberstrichene Flache und damit 
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die Abgleitung berechnen. Man erhilt auf diese 
Weise gute Ubereinstimmung mit dem gemessenen 
Wert @;;.— Der andere Weg besteht darin, die 
Riickspannung einer aufgestauten Versetzungs- 
quelle zu berechnen und der experimentellen 
Tatsache Rechnung zu tragen, dass der verformte 
Zustand beim Entlasten ,,gerade noch”’ stabil ist. 
Man kann diese Bedingung so formulieren, dass 
die Riickspannung einer Gruppe am Ort ihrer 
Quelle gegeniiber 7¢ um einen Faktor 8 redu- 
ziert ist, wobei 8 = 1/2. Auch dieses Vorgehen 
liefert das lineare Verfestigungsgesetz im Bereich 
II und den richtigen Wert fiir @y1. 

In der vorstehenden Diskussion haben wir 
angenommen, dass wir die im Bereich II vor- 
handenen Gruppen von m Versetzungen als eine 
Versetzung n-facher Starke behandeln kénnen. 
Wie die Ausfiihrungen von Abschnitt 2 zeigen, ist 
diese Naherung fiir die magnetischen Unter- 
suchungen unzureichend. Wir werden vielmehr in 
Abschnitt 6 die Verteilungsfunktion der Verset- 
zungen innerhalb einer Gruppe beriicksichtigen. 
Dabei zeigt es sich, dass man gute Uberein- 
stimmung mit den Experimenten bekommt, wenn 
man folgendes Modell zugrunde legt : Die Verset- 
zungsanordnung im belasteten und entlasteten 
Zustand ist im wesentlichen gleich, namlich 
diejenige einer Gruppe von m Versetzungen, die 
durch die Spannung fr¢™ gegen ein Hindernis 
angepresst sind. Durch den oben eingefiihrten 
Faktor 8 wird in pauschaler Weise einerseits die 
verfestigende Wirkung der Spannungsfelder der 
Versetzungsgruppen beriicksichtigt und anderer- 
seits die Stabilitat der Gruppe als Ganzes beim 
Entlasten sichergestellt. Dank der eben erwahnten 
Stabilitat ist zur Fixierung der einzelnen Ver- 
setzungen innerhalb der Gruppe kein sehr starker 
Mechanismus erforderlich. Es ist z.B. denkbar, 
dass diese Fixierung durch die von Hrrscu?) und 
WHELAN 22) diskutierte Wechselwirkung einer Ver- 
setzungsgruppe mit einer schraig dazu verlaufen- 
den Versetzung zustande kommt. 

Die Beriicksichtigung der Versetzungsanord- 
nung n einer Gruppe beeinflusst auch etwas die 
Berechnung des Schubspannungsfeldes (Abschnitt 
4) und der Abgleitung (Abschnitt 5). In Abschnitt 
5, der der verfeinerten Berechnung des Verfes- 
tigungsanstiegs gewidmet ist, beriicksichtigen wir 
ferner, dass die Versetzungen in der Gleitebene in 
der Form geschlossener Ringe liegen, die wir 
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durch Sechsecke approximieren. Gréssen, die sich 
auf Versetzungen verschiedenen Charakters be- 
ziehen, unterscheiden wir durch Indizes. Wir 
schreiben z. B. in leicht verstandlicher Weise in 
Gl. (3.4) LZ, und A, fiir Stufenversetzungen und Le 
und Ao fiir Schraubenversetzungen. Ferner be- 
riicksichtigen wir die elastische Anisotropie durch 
Einfiihrung anisotroper elastischer Koeffizienten 
und schliesslich die Streuung in den auftretenden 
Gleitlinien- und Aufstaulingen durch geeignete 
Mittelungen. Die Auswirkungen aller dieser Ver- 
feinerungen sind jedoch gering, da sie sich 
gegenseitig fast vollstandig kompensieren. Aus 
diesem Grunde werden wir sie nur bei der Aus- 
wertung der Messungen an reinem Nickel be- 
riicksichtigen und bei den Nickel—Kobalt- 
Legierungen mit dem urspriinglichen Modell»? 
(Rechteckringe aus Stufen- und Schraubenverset- 
zungen) begniigen. 


Le “4 Oll 








2” 
| x yy 

Ass. 2. Hexagonférmiger Versetzungsring in der (111)- 

Ebene mit den im Text verwendeten Bezeichnungen. 


4. DAS SPANNUNGSFELD AUFGESTAUTER 
VERSETZUNGEN 

Wie in Abschnitt 3 ausgefiihrt wurde, ben6dtigen wir 
fiir das von uns gewahlte Versetzungsmodell des ver- 
formten Zustands flachenzentrierter Kristalle (Abb. 2) 
die Kenntnis des Schubspannungsfeldes aufgestauter 
Versetzungsgruppen in einiger Entfernung von der 
Gruppe. Es ist fiir diesen Zweck ausreichend, nach 
LEIBFRIED(2®) die Versetzungsverteilung in der Gruppe 
durch eine Dichtefunktion D(x) zu beschreiben. Wir 
nehmen dabei an, dass sich die Versetzungen in 2- 
Richtung erstrecken und als unendlich lang angesehen 
werden kénnen. 

Ist eine Gruppe von m Versetzungen, wie in Abb. 3 


KRONMULLER und 


A. SEEGER 


angegeben, iiber eine Linge 2a”) verteilt und durch 
eine wirksame Schubspannung 7q@ gegen ein Hindernis 
angepresst, so gilt : 

aim) —x 1/2 


D(x) = - ~ (4.1) 


nN 
~, aim) + x} 


a‘™) bedeutet die halbe Aufstaulange der Versetzungs- 
gruppen. Dabei bezieht sich m = 1 auf 90°-Verset- 
zungen (Stufenversetzungen), m= 2 auf 0°-Verset- 
zungen (Schraubenversetzungen) und m=3 auf 
60°-Versetzungen. Wenn wir die elastische Anisotropie 
beriicksichtigen und die von SEEGER und ScH6cK(2?? 








re 


Ass. 3. Verlauf der Dichte D(x) bei einer aufgestauten 
Versetzungsgruppe. 


berechneten anisotropen elastischen Konstanten ein- 
fiihren, so gilt fiir Versetzungen, die sich in <110)- 
Richtung erstrecken : 


IIT ile: sini 
2arrg KW.) 


(4.2a) 


, 7\ 1) 


nb eh 
a®) = (3+ <5) 
Sarr_gK\) K‘2’ 


9 


(4.2b) 


tq ist nicht gleich der von aussen angelegten Schub- 
spannung 7, sondern wie in Abschnitt 3 ausgefiihrt, 
gleich Brg‘. Da wir uns in Abschnitt 4 bis 7 nur noch mit 
7g‘ befassen werden, unterdriicken wir im folgenden den 
B ist ein geometrischer Faktor, der vom 
Anordnungsmuster der Gruppen abhingt und in 
pauschaler Weise die Abschirmung des 4usseren 
Spannungsfeldes durch umliegende Versetzungsgruppen 
beriicksichtigt. Aus Messungen des Bauschingereffektes 
folgt,‘®) dass 8 von der Gréssenordnung 1/2 ist. 

Die Spannungskomponenten 7;;” der in Abb. 3 
beschriebenen Versetzungsgruppe berechnen sich aus 


Index 1. 


a' m) 
| r™(x—&, y)D(E) dé. 


(4.3) 


“ y(™) 
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. 4 ( " = ‘ 
Hierbei bedeutet 7,7) die Spannungskomponente einer 


einzelnen Versetzung. Wir beschrianken uns hier auf die 
Angabe der Schubspannung im Gleitsystem, die ja fiir 
die Fliessspannung massgebend ist. Durch Einsetzen 
von Gl. (4.1) in Gl. (4.3) findet man : 


1. 0°-Versetzung : 


2. 90°-Versetzung : 


9 


p? 


(x— al))do+ 3d, 
= Tq | - + 


4 
. at oa Pe Pg oe 
x [81{4?(a) — x) + xy?} —dey{x(a® — x) + fp?}] — 7 [51(a@) — 3x) + yde] 
} 


wobei : 


B12 = (bp? (am)? a2+y2)P2 


p2 == [ {(a(m))2 _ x2 +7}2 = 4x2y2]! 2 
3.60°-Versetzung : 


(2) 
— tre (4.6) 
Wie in Abschnitt 3 beschrieben, ben6dtigen wir fiir die 
Berechnung der Verfestigung die maximale Schub- 
spannung 77°* bei festem y. Sie ergibt sich aus der 
Extremalbedingung : 


é 
—(r¢")y = const. = 0; m= 1,2,3, (4.7) 


Cx 


Der in Gl. (3.3) eingefiihrte geometrische Faktor «‘”) 
kann aus dieser Bedingung fiir die drei verschiedenen 
Versetzungstypen berechnet werden. Ist (72 )max die 
maximale Schubspannung des entsprechenden Verset- 
zungstyps mit dem Burgersvektor mb, so gilt : 


ym) — (7G max 


(4.8) 
(7?")max 

Die nach Gl. (4.7) berechneten Kurven maximaler 
Schubspannung sind in Bild 4 dargestellt. Die Faktoren 
a(™) sind in Bild 5 als Funktion von y/a'™) angegeben. 
Bei der Berechnung von «') wurden fiir K{’) und K}?’ 
die fiir Ni ermittelten Werte) verwendet. «) und «‘?) 
sind unabhiangig von x und RS”. Aus Bild 5 ist 
ersichtlich, dass fiir y/a‘™) >0,5 die Schubspannung 
(77;"")max Mehr als 80 Prozent der einer Versetzung vom 
Burgersvektor nb betrigt. Demnach ist die in Abschnitt 3 
bei der Berechnung des Verfestigungsanstiegs be- 
sprochene Naherung durchaus berechtigt. 

Zum Schluss dieses Paragraphen wollen wir auf den 


engen Zusammenhang zwischen den Grdssen « und 8 
hinweisen. Fiir den mittleren Abstand zwischen gleich- 
namigen Versetzungsgruppen gilt : 


1 7, (2) (3) 


R, = ———— = (4.9) 
9 V(NoLa,2) 


2argK?4 





2y2 ( 


((a™ 2 ote x2 +?) x 
p®xy 


(4.5) 


Bei einem quadratischen Anordnungsmuster der Ver- 
setzungsgruppen gilt : R’o9 = y1/(2). Setzen wir in GI. 
(4.2) fiir ta den Wert 8 - 7g ein, so erhalten wir durch 
Division mit Gl. (4.9) : 


on(m)( 2 (m)) “p= ny (2) » gm) (4.10) 


wobei 2‘) = y/a'™) gesetzt wurde. 


O°—Versetzung 


Ass. 4. Vergleich zwischen den Kurven maximaler 

Spannung einer aufgestauten Versetzungsgruppe (ge- 

kriimmte Kurven) und denen einer einzelnen Versetzung 

vom Burgersvektor nb im Punkte x = —a/2 (gerade 
Linien). 


Gl. (4.10) entnimmt man, dass bei bekanntem f 
sowohl «!™) als auch y/a'™) festgelegt sind. Fiir den oben 
begriindeten Wert 8 = 1/2 finden wir : 


af) = 0,91; «() 


4 (3) = 0,85 . g(m) — 
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Diese Werte sollten sich fiir samtliche kubisch-flachen- 
zentrierten Metalle als gleich ergeben. Eine Priifung 
dieser Gesetzmissigkeit ist durch direkte Messung des 
Verfestigungsanstiegs 91; und der Gleitlinienlange Le 


moglich. Wir werden diesen Vergleich im niachsten 


Abschnitt durchfiihren. 


Der geometrische Faktor «(y/a) fiir eine 0°-, 
60°- und 90°-Versetzung. 


ABB. 5 


5. VERFEINERTE BERECHNUNG DES VERFESTI- 
GUNGSANSTIEGS 

Zunichst wollen wir die von einer Versetzungsgruppe 
hervorgerufene Abgleitung berechnen. Dabei beriick- 
sichtigen wir, dass die Versetzungen Sechsecke bilden 
und eine endliche Aufstaulange besitzen. Wir diirfen 
annehmen, dass die experimentell bestimmten Gleit- 
linienlangen etwa dem groéssten der Versetzungsringe 
entsprechen. Seine Flache betragt : 


Fmax = Iyl2— Ly (3) 6. 


Will man nun die endliche Aufstaulange innerhalb der 
Versetzungsgruppen beriicksichtigen, so hat man im 1. 
Glied von Gl. (5.1) Zz durch L2—a™) und im 2. Glied L5 
durch Lo(Le+4a‘)) zu ersetzen. Somit ergibt sich fiir die 
effektive Flache : 

Fors (5.2) 


Zwischen der differentiellen Abgleitung da und den bei 
dieser Abgleitung neu betatigten Quellen dNo besteht die 


Fimax—@ULy — 2y/(3)L 90/3. 


Beziehung : 
da = nbFors dNo. 


Die Beziehung (5.3) muss noch dahingehend verfeinert 
werden, dass die Laufwege eine statistische Verteilung 
besitzen. Man kann sie wohl als eine Gaussverteilung um 
die experimentell bestimmbaren Mittelwerte Li; und Lea 
beschreiben. Es gilt dann fiir die Haufigkeitsverteilung 
H(L) der Gleitlinienlangen : 


H(L) = cexp[—(AL/A)?], 


= 112+ AL und c eine Normierungskonstante 


(5.4) 


wobei L 


bedeutet. 


KRONMULLER 


und A. SEEGER 

Ii und Le bedeuten die experimentell ermittelten 
Mittelwerte der Gleitlinienlangen ZL; und Lz. 

Unseren experimentellen Verteilungskurven von Le 
bei Ni entnimmt man /2 = 0,42. Nehmen wir an, dass 
dieselbe Beziehung auch fiir L; gilt, so erhalten wir fiir 
die differentielle Abgleitung : 

x 


da = nbc | Fors exp[—(AL/h)?] dAL 
h; ; ae 
= (1+ = )nb Pen dNo. (5.5) 


cF Bi 
Fiir die nun folgende Berechnung des Verfestigungsan- 
stiegs fiihren wir folgende Abkiirzungen ein : 


] +h?/2L? Fore = 


wobeli 


Ly 
Die in «, und «Ff auftretenden unteren Indices weisen 
auf die Herkunft dieser Faktoren von der Liangenvertei- 
lung und von der Ringform hin. Sowohl «z als auch op 
ergeben sich im Bereich II als von der plastischen 
Verformung unabhangig. Aus den _ Beziehungen 
da = nb(arur)? dNo und 
72),(8)9 - 
— (NoL1,2)!/2 
KS 


ergibt sich'!5) der Verfestigungsanstieg 


x (2),(3) nb 
1 = — 


~(9) (1) 
ar Kar ap 


ia) 


Zum Vergleich mit den Messungen setzen wir 8 = 1/2 
und finden : 
Cu: 


x(2) = 0,84; 3) = 0,89; 


Ni: x2) = 0,80; «) = 0,88; 


Hierbei wurden folgende experimentell bestimmten 


Werte eingesetzt : 
Cu: 65 = 


n = 25, Ao = 4x 10-4cm. 


13,5 kp/mm-?, 


Ni: 61, = 23 kp/mmé?, 


- 59x 10-4cm. 


’ 
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Vergleichen wir die auf diese Weise gefundenen 
Werte fiir «{3) und «‘?) mit den oben von der Theorie 
geforderten Werten, so zeigt sich, dass im Falle von 
«(2) die Abweichungen vom theoretischen Wert 10-15 
Prozent betragen und im Falle von «‘*) nur 3—4 Prozent. 
Die Ubereinstimmung zwischen Experiment und 
Theorie ist befriedigend. Sie kénnte durch geringe 
Abanderungen der Annahmen iiber § und iiber die 
geometrische Anordnung der Versetzungsgruppen ver- 
bessert werden. 


6. BERECHNUNG DER DIFFERENTIELLEN 
SUSZEPTIBILITAT 


Wir wollen nunmehr die in Teil I entwickelte all- 
gemeine Methode auf die Berechnung der differentiellen 
Suszeptibilitat X(H) im Einmiindungsbereich auf das in 
Abschnitte 3 und 5 beschriebene Versetzungsmodell 
anwenden. Wie in Teil I gezeigt wurde, ist zur Berech- 
nung der differentiellen Suszeptibilitét die Kenntnis 
der Grosse 


(6.1) 


erforderlich. Dabei bedeuten die ¢;,, die Fouriertrans- 
formierten der elastischen Spannungen oy und die c}., 
Funktionen der magnetostriktiven Konstanten Aj09 und 
Ai11. Die Koeffizienten c)., werden im Anhang A gemiass 
den in Teil I angegebenen Beziehungen fiir eine 0°-, 
eine 60°- und eine 90°-Versetzung berechnet. Da die 
60°-Versetzung in eine 0°-Versetzung und eine 90°- 
Versetzung zerlegt werden kann, geniigt es, die Fourier- 
transformierten der 0°- und 90°-Versetzung zu berech- 
nen. Die Spannungen o;,, entnehmen wir einer Arbeit 
von Dretze?8), Das von ihm zur Berechnung der 
elastischen Spannungen zugrunde gelegte Modell ist in 
Abb. 6 dargestellt. In einem an der Oberfliche span- 
nungsfreien Kreiszylinder vom Radius Ro befindet sich 
im Abstande R; vom Mittelpunkt eine der Zylinderachse 


(a) Schraubenversetzung : 


- . " 
2ib sin $k so 
Ky(2n)3/2 Rp 
2ib sin $k so 


7 K2 2n)3. 2 


Wott 


k Rp 
L 
(b) 60°-Versetzung : 
(i) Stufenanteil : 
1b, sin Lk s3.4 


; ———— 
Kj))(27)3/2 


77 


" 
k Rp 


tb; sin $k. s3,4 eon eS ” 
—_—~—-(sind”+ sin 3¢")[exp(—7€" » Ri) —Jo(kpRo)] 


k Rp 


pyre: AOE 
K'Y(2m)3/2 
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parallele 0°- oder 90°-Versetzung, deren Gleitebene 
durch die Zylinderachse geht. Als Spezialfall R; < Ro 
ist darin auch die von BRown'®) betrachtete Anordnung 
enthalten. Das oben beschriebene Modell ist im Einklang 
mit den wirklichen Verhialtnissen, wenn wir den Radius 


Ass. 6. Zur Definition von Ri und Ro bei 0°-Verset- 
zungen. Bei der 60°-Versetzung miissen in Fig. 6 2” und 
—x”’ vertauscht werden. 


Ro gleich dem mittleren halben Abstand der Verset- 
zungsgruppen verschiedenen Vorzeichens wahlen. Wir 
erreichen damit, dass unser Modell die Abschirmung 
des Spannungsfeldes einer Versetzungsgruppe durch die 
Gruppen in der Umgebung niaherungsweise richtig 
wiedergibt. Die Berechnung der Fouriertransformierten 
liefert, falls samtliche Glieder, die stirker als die 
Besselfunktion Jo(kRo) fiir Ro — 0 gegen Null gehen, 
vernachlassigt werden* : 


* Es handelt sich hierbei um Glieder der Form 


(R:/ Ro)?" Jen(RRo), wobei n = 1. 


cos ¢”[exp(—7€’ - Ri) —Jo(kpRo)] 


sin "[exp(—it” - Ri)—Jo(ApRo)] 


(3 sind” — sin3¢”)[exp(—i€” - Ri) —Jo(ApRo)] 
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-(1) 


Ks sa ” 7 
+. Ki (2n)3 : RK 4 sind’ {1— xe )lexr(—it , Ri) —Jo(kpRo)] 


thy sin $k. s3 4 


sin $k 53.4 


(cos¢”— cos 3$”)[exp(—if”’ - Ri) —Jo(kpRo)] 


2th sin hk 83,4 ; a y 
—— sind" [exp(—7€" - Ri) —Jo(ApRo)] 


k Rp 
2ibs sin $k 83.4 4 
--— _,— cos ¢"[exp(—7f”" - Ri) —Jo(RpRo)]. (6.4) 
k Rp 
Hierbei bezieht sich das obere Vorzeichen in Gl. (6.3) | lasst sich mit Hilfe der fiir (7/sm)* kK? anwendbaren 
auf den Bogenteil s3 und das untere auf den Bogenteil s4. Forme] : 
Wir verzichten auf die Angabe der Fouriertransformier- 
ten einer 90°-Versetzung, da diese sich aus Gl. (6.3) _- 

r sin2(4k 
ergeben, indem 6; durch 6 ersetzt wird. Ist ao die cit 
kubische Gitterkonstante, so gilt : (k- 2 

UZ 


- 
regs ) ” 


{(k,,,) dk,,, = 475m (0) 


b = ao/2,/(2), 6, = by/(3)/2, bo = 5/2. (6.5) 7 (6.8) 


Ferner ist : auswerten. (Integrale dieses Typs treten bei der 
- cee r wh ii Berechnung der differentiellen Suszeptibilitat auf, wie 
=" L fi Ley (I)/9, $3 = 54 = Ley (3)/3 (6.6) man SF Hand der Beziehung GL (2.15) aus Teil I 
und den Fouriertransformierten Gl. (6.2—6.4) sieht. Fiir 
die bei uns auftretenden Gleitlinienlangen ist obige Un- 
gleichung wie 106 < 10? erfiillt). Wird die k2- bzw. die 
ki-Integration gemiass Gl. (6.8) ausgefiihrt, so sind in 
Gl. (2.15) von Teil I die Gréssen |gz,z/? und A durch 
folgende Ausdriicke zu ersetzen : 


Die Beziehungen (6.6) kénnen aus Bild 2 anschaulich 
abgeleitet werden. 

Fiir die weitere Berechnung miissen nach Gl. (2.15) 
von Teil I die Gréssen | gz|? und |gz|*, sowie der Aus- 
druck 

a 1 1922 = 122 1 

A = |87\"k+|&|"k; 4 h2 
l~m |2 €m? B™ (4’\E k. R 
. ~ ~ » mw ~ ~ — | 2= __ y a 
+2krk(Regr -ReFz+ ImFz * Im¥z) (6.7) Sx2 = "2-3K2 p”2 ra? \E(Rp, ij) 

64C2n3K? k, 

berechnet werden. Im Falle der 90°-Versetzung genigt (6 9a) 
es, |gz|* und | ~z/* zu kennen. Entsprechend unserem fiir sia 
die Berechnung des Verfestigungsanstiegs verwendeten eon 

7 . *s . Ra . . Per eee m ” eo 
Versetzungsmodell miissen die oben angegebenen. — ae Bud )E(kp, Rij), (6.9b) 
Grossen fiir die Linienteile se, s3 und s4 bestimmt werden. 64C*7° Ke ky” 
Eine Vereinfachung der Darstellung ergibt sich, wenn 
die Integration iiber k’, bei der 0°-Versetzung bzw. die webei 

iiber k? bei der 60°-Versetzung zuerst ausgefiihrt wird. " ) 

. “ ° . . . ° = fiir a f = a! fij = 2 
Das in den Fouriertransformierten Gl. (6.2—6.4) auftret- €m = 1 firm = 1, 3,4; Km = Ky firm = 2 
ende Glied ese , ee 

, em = 16 fir m= 2; Km = K® fir m = 1, 3, 4. 
singk, Sen Heke ; ' : 
geome Die in Gl. (6.9a) und Gl. (6.9b) auftretenden Funk- 
5, Ay) lauten : 


k” tionen B” (¢”) und E(k 


TZ p 


E(kp,Rij) = n—2nJo(kpRo) © >. &—1)"Jan(kpRi) cos 2n'h" + 


t=l1 n 0 


+2 > {JolkpRiy)+2 > (—1)"Jeon(kpRiz) cos 2n'$”} + n2J2(kpRiy) 


i*j n’=1 
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*™ cos 2pd" +4 S 9 
1 


— 


3. i 
Lis ets m werden im Anhang 


Die Konstanten Co und Co 


Aangegeben. Mit pe Definitionen Gl. (6.9a-6.9b) lautet 
(2.14) von Teil I zu berechnende 


| | 


m 
2k Py) 


das gemiss Gl. 
Integral : 


Myi+y3) = P Se 


9 
€mSmb? 


128n2C2K? V 


Wy 


(Re? +? 


3 


(> B,@k,)?) 
k=1 


h'(ky _ 


| ae nme BS / . 
iS S ak, [ke +2 Ry a 2)—1 S Bait?) | 


kp 14 ho? (x2 +h?) 


Dabei lauft die Summe iiber m in Falle der Sechseck- 
schleifen iiber m = 2, 3, 4 und im Falle der Rechteck- 
schleifen tiber m = 1, 2. Das 1. Glied des Integrals der 
Gl. (6.12) kann in leicht ersichtlicher Weise in zwei 
Teilintegraltypen zerlegt werden : 


ie 8) 
n 


=| {n—2nJo(kp ,Ro) S 
0 é =1 n’ =0 


+2 DS Jo(kpRij)+n2J2(kpRo)} 


i#j 


1 1 
—(n In <x Ro—mp(1)—2 


K 


Glieder, die fiir Ro —- © verschwinden, sind in GI. (6.13) 
weggelassen. (In Gl. (6.13) und in den folgenden 
Gleichungen bedeuten die Ki(z) die modifizierten 
Hankelfunktionen und (1) = —0,5772. Wegen der im 


vorliegenden Abschnitt nicht erlauterten Symbole siehe 
Die genaue Bedeutung der Doppel- 


Teil I der Arbeit. 
summen tiber 7 und j wird unten besprochen werden.) 
Die verbleibenden Glieder sind vom Typ : 


. (—1)"Jen (RoR i) 


772 


ki(k, + K2 24 1 
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c113.0;m pies Bake 
C3h.9° Sin 2p". (6.11) 
p= 


(-iyet dt (1 


(xe)! (2 


2 Kon(«Rij)— 


| am )+ Bi(¢") 


2)2 - E\ a ij)— 


B™(d" E(k, Ri) . 
OEE Ry | a, ap 


“Tee. R’ 
p 


(6.12) 


(2n’ —m— —1) 
- (- ])m ese ets 


m! 


-(4«R; j)jem—2 | : 


(6.14) 


<(—1)"’Jon(RpRi) cos 2n'h” + 


H —2Ko(«Rij)—«RijKa(xRy)). (6.13) 


0 


R 
> In — 


t#j 


Die Funktionen J3,,(«Ri;) sind im Anhang B explizit an- 
gegeben und in Bild 13 dargestellt. Mit Gl. (6.13) und 
Gl. (6.14) ergibt sich fiir das 1. Glied von GI. (6.12) : 


oC 2n A 
uw dRp dd” 


2 aC ee 
ie 1(Ro, Ri ;) —5 som 
(ke Ro 


7 


% vim yim J(1) 
2, 1o5 + re i(«Riz)}. 


p 


(6.15) 
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Die Methode zur Berechnung des 2. Gliedes der Gl. 
(6.12), das wir mit F™/«4 abkiirzen, wird im Anhang B 
entwickelt. Wie der Index s andeutet, riihrt dieses Glied 
vom magnetostriktiven Streufeld her. Mit 
berechneten Integralen ergibt sich fiir die differentielle 


den so 


Suszeptibilitat : 


wobei F*”" = F” —(x2/2)(F”)’ gesetzt wurde. 

Die in Gl. (6.16) auftretenden Faktoren Am = 
€mSmb" 1287K>V koénnen mit Hilfe von Gl. (6.6) und 
Gl. (5.7) berechnet werden. Man findet : 


9 
77 


G 


(xn) 


Am 


1 ds = a4 = | 


wobei de = 0,759 und dz = ds = 0,0146 ist. 
Mit den Abkiirzungen 


Fy = S 2 dime” ™n(In $«Ro—4i—(1)), 


y,™m 


(6.18a) 


BT. ce TP («Ri i) » 


p =0 


(6.18b) 


Fs = D3 2 dmF* m (6.18c) 


We 


erhalten wir schliesslich : 
9 
TT 7 : 
[Fot+ 


9 


Ia) *“n)- iFj 


XH3 = (F,+F,)]. (6.19) 


Die Funktionen Fo, Fw und F; sind fiir das 6-Eck- 
Versetzungsmodell im Falle von Ni in Bild 7 dargestellt. 
Die drei Anteile Fo, F; und Fy, besitzen eine anschauliche 
physikalische Bedeutung. So entspricht Fo dem Fall, 
dass der Effekt jeder einzelnen Versetzung unabhiangig 
von ihren Nachbarn betrachtet wird. Die Funktion Fy, 
beriicksichtigt die magnetoelastische Wechselwirkung 
der m Versetzungen in einer Gruppe. Der Anteil F, tragt 
der Wirkung des magnetostriktiven Streufeldes Rech- 
nung. Aus Bild 7 ist zu entnehmen, dass er etwa 30 
Prozent des Wechselwirkungsgliedes Fy betragt und 
somit bei quantitativen Uberlegungen nicht vernach- 


lassigt werden darf. F; liefert einen negativen Beitrag 
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zur Gesamtsuszeptibilitét. Dies entspricht den physi- 
kalischen Erwartungen, da das magnetostriktive Streu- 
feld bestrebt ist, die Auslenkungen der Magnetisierung 
aus der Feldrichtung méglichst klein zu halten. 

Zur weiteren numerischen Durchfiihrung der Sum- 
mation iiber 7, 7 muss die Wahrscheinlichkeitsdichte 


€mSmb” Be — 
1287K2 V ery (In 3x to oe y(1))+ 


3 
> ates LSeRi))) (6.16) 


2 


W(Ri;/Ro) der in unserem Versetzungsmodell vorkom- 
menden gegenseitigen Abstaénde bekannt sein. In un- 
serem Modell betragt der Abschirmradius 


1 42)nb 
Ro =- (6.20) 


(22) 227 GK®B 


und (in guter Naherung) der gegenseitige Abstand der 
i-ten und j-ten Versetzung nach ESHELBY et al.‘?®) 
b(j2—i2) 
Rij = (6.21) 


(9 g 
16K“ nz GB 


2000 Oe 











1600 Oe 


Ass. 7. Die Funktionen Fo, Fw und-F; bei Nickel in 
Abhangigkeit von R;;/Ro fiir die Feldstarken 1600 (Oe) 
und 2000 (Oe). 
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Die Zahl der Versetzungen, iiber die zu summieren ist, 
ist durch die Bedingung Rij S Ro gegeben. Aus Gl. 


(6.20) und GI. (6.21) folgt : 


,2\5/4 
Jmax = nvr (a!°))(- 
7 


(6.22 


Fiir n = 31 und a!?) = 0,85 ergibt sich ja, = 17. Man 











0, 
R ; 
Ro 


8. W(Rij/Ro) fiir siebzehn Versetzungen einer 
aufgestauten Versetzungsgruppe. 








Die Funktion Fo+ & [Fw(Rij)+Fs(Ris)] bei 
ifj 

Nickel und einer Nickel—-Kobalt 20-Legierung fiir ver- 

schiedene Feldstirken. Zum Vergleich der Grdéssen- 

fiir Ni auch die Funktion Fo 

angegeben. 


Abs. 9. 


ordnungen wurde 


hat also innerhalb von Ro 17 Versetzungen zu beriick- 
sichtigen, fiir die W(Ri;/Ro) in Bild 8 dargestellt ist. Die 
numerisch berechneten Integrale 

Imax | 

> F(R; Ro) = | (F's + Fiw)W(Rij Ro) d( Ri; Ro) 


oF 0 


sind in Bild 9 als Funktion von 7¢ angegeben. Aus der 
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nunmehr bekannten 7¢-Abhiangigkeit von 


> F(Rij/Ro) 


U J 


kénnen wir nach Gl. (6.19) die Funktion (dX /dr¢)H? 
numerisch bestimmen. Sie ist in Bild 10 fiir Nickel und 
zwei Werte des Parameters «'?) dargestellt. Es zeigt sich, 
dass im Falle von Nickel die fiir das Sechseck-Modell 
berechnete differentielle Suszeptibilitat X nur gering- 
fiigig von der friiher‘®) fiir das Rechteck- Modell berech- 
neten abweicht. Wir geben deshalb in Fig. 11 fiir die 
NiCo20-Legierung die fiir Rechteckmodell und 
zwei Feldstairken ermittelten (dX /d7¢)H?-Kurven an. 


das 


Ass. 10. Die Groésse (dX /dtg)H? bei Nickel. Von den 
angegebenen Messpunkten bezieht sich auf die 
Verformungstemperatur 20°C und auf Ver- 
formungstemperatur — 183°C. Die ausgezogenen 
Kurven sind die nach Gl]. 6.19 numerisch berechneten. 


die 


7. VERGLEICH MIT DEN EXPERIMENTEN 

Zum Vergleich der theoretischen Ergebnisse 
mit unseren Messungen gehen wir von den in 
Bild 10 und 11 dargestellten (dX /dz ¢)H®-Kurven 


Ass. 11. Die Grésse (dX /d7q)H*® bei NiCo20. /\ 

Verformungstemperatur 20°C. 4, @ Verformungs- 

temperatur — 183°C. Die ausgezogenen Kurven wurden 

Gl. 6.19 fiir das Rechteckmodell und « = 1 
numerisch berechnet. 


nach 
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aus. Die bereits friiher X(7)- 
Kurven erlauben die Bestimmung der Grdsse 
[(AX / Ar g)H®}) fiir jede einzelne Verformungsstufe.* 
Die so gewonnenen Punkte sind in den Bildern 10 
und 11 eingezeichnet. Im Falle von Nickel kénnen 
die experimentellen Ergebnisse durch die Theorie 


gemessenen 


(9) 


am besten angenahert werden, wenn 0,82 < «© 

0,86 gewahlt wird. Bei Nickel—Kobalt- 
Legierung ist eine gréssere Streuung der experi- 
mentellen Punkte vorhanden, jedoch vermag auch 
hier die Theorie die Messungen sowohl qualitativ 
als auch quantitativ zu deuten. Ein wesentlicher 
Teil der Streuung ist durch die Art der Auswer- 


der 


tung bedingt. Wie Abb. 12 der experimentellen 
Arbeit) zeigt, ist die Streuung in einem X H?—7¢ 
Diagramm viel geringer und nicht wesentlich von 
derjenigen von Nickel verschieden. 

Eine weitere Méglichkeit fiir den quantitativen 
Vergleich von Theorie und Experimenten bietet 
die Feldstarkeabhangigkeit differentiellen 
Suszeptibilitat fiir einen Verfor- 
mungszustand, also fiir festes tg. Da mit der von 
uns) yerwendeten Messanordnung nur Mes- 
sungen bis zu Feldstarken von etwa 2300 O6ce 
ausgefiihrt werden konnten, eignen sich fiir einen 
derartigen Vergleich besonders die Legierungen 
mit 80 Prozent Ni und 20 Prozent Co, bei denen 
wegen der niedrigen Kristallenergie der Ein- 
miindungsbereich bei Raumtemperatur schon bei 
etwa 600 Oe beginnt. Die ausgezogene Kurve in 
Abb. 12 gibt fiir eine solche Legierung den berech- 
neten Verlauf von (X —X3)H? als Funktion von H 
bei 7,’ = 7,7 kp/mm* sowie die zugehérigen Mess- 
punkte (bei Raumtemperatur) an. Wiederum ist 
die Ubereinstimmung zwischen experimentellen 


der 
bestimmten 


und theoretischen Werten sowohl dem absoluten 
Betrage nach als auch hinsichtlich der Variation 
mit der Feldstarke sehr gut. 

Schliesslich wollen wir noch kurz die Tempera- 
turabhangigkeit der differentiellen Suszeptibilitat 
erwahnen. Diese ist im wesentlichen durch die 
Temperaturabhangigkeit einer ganz bestimmten 
Kombination der magnetostriktiven Konstanten 
gegeben (siehe Gl. A.1—A.3). Die Temperatur- 
abhangigkeit von Ajo9 und Aj); ist zwar bei reinem 
Nickel, nicht aber bei den Nickel—Kobalt-Legier- 
ungen bekannt. Wie bereits friiher® gezeigt 





* Die hierbei erforderliche Reduktion der gemessenen 
7-Werte auf 7g wurde in Ziff.3 besprochen 
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wurde, ergibt sich bei reinem Nickel eine gute 
Ubereinstimmung zwischen der errechneten und 
der gemessenen ‘Temperaturabhingigkeit, die 
geradezu als Nachweis dafiir angesehen werden 
kann, dass die untersuchten Effekte magneto- 
striktiven Ursprungs sind. Da Ajo9 und Aj, einen 


Hx) 2Oe 
Ass. 12. Vergleich zwischen berechneter und gemessener 
Feldstarkeabhangigkeit der Grésse (X—X3)H3. X3 
bedeutet die Suszeptibilitét am Beginn von Bereich II 
der Verfestigungskurve. Die experimentellen Punkte 
wurden unserer friiheren Arbeit'®) (Kurve 8 in Bild 10a) 
entnommen. Verformungstemperatur und Messtempe- 
ratur betrugen 20°C. 


verschiedenen ‘Temperaturgang aufweisen und die 
in die Theorie eingehende Kombination dieser 
Konstanten mit der Temperatur weniger vartiert 
als die einzelnen Konstanten, kann die erwahnte 
Ubereinstimmung zwischen Messung und Rech- 
nung in gewissem Umfange als Bestatigung des 
von uns verwendeten Modells der Verteilung der 
inneren Spannungen angesehen werden. 


8. DISKUSSION 

Das wesentliche Ergebnis der vorstehenden 
Ausfiihrungen ist, Messungen der 
differentiellen Suszeptibilitat im Gebiet der Ein- 
miindung in die ferromagnetische Sattigung bei 
plastisch gedehnten Nickel- und Nickel—Kobalt- 
Einkristallen hinsichtlich ihrer Abhangigkeit von 
der Feldstirke, der Messtemperatur und der Vor- 
verformung quantitativ durch dasselbe Verset- 
zungsmodell gedeutet werden kénnen, das auch die 
Verfestigung und das Gleitlinienbild kubisch- 
flaichenzentrierter Kristalle richtig wiedergibt. Es 
ist damit gezeigt, dass solche Suszeptibilitatsmes- 
sungen in Verbindung mit der im Teil I gegebenen 
allgemeinen Theorie des Versetzungseinflusses 


dass die 
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zum Studium der Versetzungsanordnung in 
ferromagnetischen Materialien verwendet werden 
k6nnen. 

Wir wollen nunmehr die Frage diskutieren, 
welcher Aspekt des verwendeten Versetzungs- 
modells bestimmend fiir die gute Ubereinstim- 
mung zwischen Experiment und Theorie ist, und 
inwieweit auch andere Versetzungsmodelle die 
Beobachtungen deuten kénnten. 

Wie schon in Abschnitt 2 ausgefiihrt worden ist, 
sprechen die Suszeptibilitatsmessungen vor allem 
auf des elastische Fernfeld zwischen den Verset- 
zungen an. Allgemein kann man sagen, dass dieses 
elastische Fernfeld klein ist, wenn die Verset- 
zungen in einem Netzwerk derart angeordnet sind, 
dass unmittelbar benachbarte Versetzungen ihre 
Spannungsfelder gegenseitig abschirmen, und dass 
das Fernfeld gross ist, wenn aufgestaute Verset- 
zungsgruppen vorhanden sind. Im letztgenannten 
Falle ist bei festgehaltener Austauschlange «7! 
das elastische Fernfeld (und damit die Sus- 
zeptibilitaét) umso grésser, je grésser die Zahl n der 
Versetzungen in einer Gruppe ist und je grésser 
die Dichte dieser Versetzungsgruppen ist. Quali- 
tativ das gleiche gilt auch fiir den 7) Beitrag zur 
Fliessspannung. Sofern m hinreichend gross ist, 
hangen deshalb bei einer festgehaltenen Fliess- 
spannung die von der Theorie gelieferten Sus- 
zeptibilitatswerte nicht sehr empfindlich von m ab. 
Wird jedoch n sehr verkleinert, so andert sich die 
Versetzungsanordnung innerhalb des Abstandes 
2«-1 vom Kopf der Versetzungsgruppe, auf die es 
vor allem ankommt, so stark, dass die Suszepti- 
bilitat doch mit sinkendem n rasch abnimmt. Als 
Extremfall, auf den wir unten noch naher eingehen 
werden und der ein ganz anderes Erscheinungs- 
bild liefert, kommt man schliesslich zu n = 1, also 
dem Fall einzelner, sich gegenseitig abschir- 
mender Versetzungen. 

Wir erlautern das Vorstehende an 
Beispiel, als das wir Tt; = 8 kp/mm? herausge- 
griffen haben. Wie oben besprochen, ergab sich aus 
Gleitlinienbeobachtungen bei Nickeleinkristallen 
n = 31, was auf einen Wert jmax = 17 fiir die 
Zahl der innerhalb des ,,Abschirmradius einer 
Gruppe“ Ro liegenden Versetzungen fiihrte (GI. 
6.22). Halbiert man nun bei festgehaltenem 7/2’, 
also unter Vervierfachung der Flachendichte der 
Versetzungsgruppen, den Zahlenwert von n, so 
ergibt sich jmax = 8,5. Dann ergibt sich nach Gl. 


einem 
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(6.18b) eine Verminderung von XH® (GI. 6.19) um 
30 Prozent. Diese Verminderung wiirde bereits die 
Ubereinstimmung mit den Messergebnissen be- 
eintrachtigen. Wiirde man m noch weiter verklei- 
nern, so wiirden sehr radikale Anderungen in 
XH? auftreten, die sich nicht nur in einer starken 
Verminderung des Absolutwertes, sondern auch in 
einer ausgepragten Veranderung der H- und der 
7 g-Abhangigkeit dussern wiirden. Man kann somit 
sagen, dass durch die hier besprochenen ferro- 
magnetischen Untersuchungen die Existenz von 
aufgestauten Versetzungsgruppen (bzw. des zuge- 
hérigen elastischen Fernfeldes) von der Gréssen- 
ordnung, wie sie in der Theorie der Verfestigung 
auftreten, nachgewiesen wurde. 
Von Bastnsk1"®) und Hrirscu"? 
dings Vorschlige zur Deutung der Verfestigung 
kubisch-flachenzentrierter Kristalle gemacht wor- 
den, die darauf hinauslaufen, dass 7s wie bei uns 
interpretiert wird, dass aber die Zunahme von 7 ¢ 
wahrend der Verformung allein der Vergrésserung 
der Dichte des Versetzungswaldes, also 
zugeschrieben wird. Die gesamte Versetzungs- 
dichte ist etwa dieselbe wie in unserer Theorie. 
Jedoch ist die gegenseitige Anordnung der Verset- 
zungen derart, dass Rj; ~ Ro, also der Abschirm- 
radius etwa gleich dem Abstand benachbarter 
Versetzungen ist. Wahrend in unserem Modell 


sind neuer- 


9 


b?n In(«Ro/2) 


5 


(8.1) 


‘ 
XHB ~ a®)(—} 


gilt, hat man fiir das BasrNski—Hrrscn’sche 
Modell 
XH3 ~ b? In(«R, 2) (8.2) 


mit Ry = n-)/2Rpo. Den GI. (8.1) und (8.2) gemein- 
samen Proportionalitatsfaktor, der u.a. die 
Gesamtzahl der Versetzungen enthalt, haben wir 
weggelassen, da es uns hier nur auf das Verhiltnis 
der beiden Ausdriicke ankommt. Setzt mann = 31 
ein, so ergibt sich XH3 aus Gl. (8.2) um einem 
Faktor 20 kleiner als aus (8.1). Beriicksichtigt man, 
dass BASINSKI eine ein wenig gréssere Verset- 
zungsdichte beniitzt wie wir, so reduziert sich die 
Diskrepanz auf einen Faktor 13. Dieser ist jedoch 
immer noch viel zu gross, um mit den experi- 
mentellen Ergebnissen vertriglich zu sein. Wir 
kénnen somit sagen, BASINSKI 

Hirscn’sche Modell nicht einmal gréssenordnungs- 
miassig in der Lage ist, die Messungen zu deuten. 


dass_ das 
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Versucht man die eben besprochene Diskrepanz 
dadurch zu beheben, dass man m = 1 annimmt, 
aber die Versetzungsdichte um einen Faktor 20 
vergrossert, so ergeben sich (abgesehen von der 
Inkonsistenz mit anderen Untersuchungs- 
methoden) neue Schwierigkeiten. Es gilt dann 
Ri; ~ Ro, jedoch mit «Ry; < 1. Man kann dann 
die urspriinglichen Rechnungen von Brown'®? 
iiber die Wirkung von Versetzungsdipolen an- 
wenden. Das gleiche Ergebnis erhalt man auch 
ohne weiteres durch Spezialisierung aus unseren 
allgemeinen Formeln in Abschnitt 6. Es ergibt sich 


XH3 ~ N- R?H, 


(8.3) 


wo N die Versetzungsdichte ist. Da der Mittelwert 
R’. proportional zu N~! ist, liefert dieses Modell 
eine von der Verformung unabhiangige Suszepti- 
bilitat, was den Messungen (auch an Vielkristallen) 
in eklatanter Weise widerspricht. Die Feldstarken- 
abhangigkeit von Gl. (8.3) wiirde in der Darstel- 
lung der Abb. 12 eine durch den Ursprung gehende 
liefern, ebenfalls der Erfahrung 


Gerade was 


widerspricht. 
V(30) (30) ~ 
6 
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Abschliessend kénnen wir also feststellen, dass 
keines der ohne die Vorstellung von Versetzungs- 
gruppen arbeitenden Verfestigungsmodelle in der 
Lage ist, die Einmiindungsmessungen auch nur 
naherungsweise zu deuten, wahrend unsere von 
Versetzungsgruppen ausgehende Verfestigungs- 
theorie ohne eine wesentliche Anpassung von 
Parametern vorziigliche Ubereinstimmung mit den 
Experimenten liefert. Inwieweit die Theorie gegen 
die Grésse dieser Gruppen empfindlich ist, ist 
oben besprochen worden. 


Deutschen 
Unter- 


danken der 
die finanzielle 


Anerkennung—Die_ Verfasser 
Forschungsgemeinschaft fiir 


stiitzung der Arbeit. 


ANHANG A 


Zur Berechnung der in GI. (6.11) definierten Fourier- 
koeffizienten cl'*:° sind die in Teil I erklarten Ten- 
soren fix, a und 8, erforderlich. Im folgenden 
kennzeichnen wir die zu den Bogenteilen s1, s2, s3, S4 
gehérenden Tensoren durch einen entsprechenden 
oberen Index. Aus den in Fig. 2 angegebenen Orientie- 
rungen der einzelnen Bogenteile ergeben sich fiir 
mittelorientierte Einkristalle folgende Tensoren : 


sina cosa 


— cosdA_ sina 
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[~ v(6) v(6) -v¥(6) 7 ee I 
6 ‘ 


v (30) 














Mit Hilfe der soeben definierten Tensoren f\”’ und der Beziehung (2.28) von Teil I finden wir : 
(1) Die Koeffizienten fiir 0°- und 90°-Versetzungen : 


v (6) ’ maa 
(A1oo + 5A111) 7" @ (A1oo — A111) 


-=V(6)Ain 
be 


v (6) tet '. 
: (A100 — A111) a ee oe (3A100 — A111) 
10 30 
| 2 
(2A100 + A111) rth - ~4/(5)(A100 — A111) 


Pe Pe 


Vv (2) ao WV(10) /2 
(A100 — A111) on = 10 (= An +Atoo}. 


Hierbei entspricht der erste obere Index in den cy; dem in Teil I eingefiihrten und der zweite bezieht sich auf den 
entsprechenden Bogenteil. 
(2) Die Koeffizienten fiir die 60°-Versetzung lauten : 

Vv (6) a Vv (30) 


- (2A,00 + 5A111) 247 0 (2A100+ A111) 


6 
= Aq11 \ (6) 


2 


V (6) ‘ 
(2Ai00 + 5A111) 
5 


v (3) 
= ——— (4\j00—A111) 
10 
— Vv(2) 


2 


10 
(6A111 +A100) ae —— (2A111— A100) 
5 





v6) 


4190 + 5Ain1 
10 (4A100 ) 


1 
= 106 A — 4A100) 
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3 
(6)Aqu c8}* = —4/(30)Aq1 
~. 10 ( 


\ (10) 
(4A100 —Aj11) 
10 


. ins V(5) 
(— 8Ai00 + 5A111) a -(8Aj00 + A111). 
10 i 10 


Die Berechnung der in Gleichung A.1—A.3 definierten 1. 0°-Versetzung : 


Koeffizienten erfolgt fiir Nickel mit den von CORNER und Avi2 = cvi2. Cvi2 
HUTCHINSON'®9) gemessenen Werten Aj00 = 53,6 x 10-6 ; «dll 

und A313; = 21,8 x 10-®. Bei der NiCo20-Legierung ver- 

wenden wir die von YAMAMOTO und NAKAMICHI'??) 


2. 60°-Versetzung : 


gemessenen Werte. 
Die in Gl. (6.11) definierten Koeffizienten C5" 


lauten : 
= (Arm)? + (Brim)2 4+. (Cvsm)2 4 (vim): 
—( re P+ (Crm P+ 
+24” imByim 4 2D": 


_ 2D: mv sm _ 2A} 7m B) 3m CO —— 
(A.4) 
—(B 7m )2 ahs (D: 5m )2 
' Dvim F4 (3)c¥3™: m = 3,4 
2ArmCvism 42 BysmCvsm —2Arimpvim , l 


3. 90°-Versetzung : Diese Koeffizienten erhalten wir aus 
QBrimCvim 4.2 Avimpv; den Gleichungen A.4 und A.5, indem wir in GI. A.5 fiir 
V (3) den Wert 2 einsetzen und den Faktor KY’/K‘ = 0 
2R 3m J) Mm setzen. 
Wir verzichten auf eine explizite Angabe der beim 
Hierbei bedeuten die Konstanten A%s™, BY;™, Cv;m, Streufeldanteil auftretenden Koeffizienten c3}7").2 und 
DY; fiir die Bogenteile s:-s4 jeweils eine spezielle geben nur ihre Fourierintegraldarstellung an. 


Kombination der Konstanten c/;”: 1. 0°-Versetzung : 


6:2 


) 


9 9 


_- ae — Os ws 9 3:9 - " ye <a Pee 
'. ((cis cos2d —}cl? sin 24")? cos + (4c3;” sin 2d —3? sin2”)? | ; 


4. one “on DAW E 1527832 anckdAl” sheet anh 2 ° | = ” 
\+ cosAsin 2¢ [c55 C15 COS" +¢)5 ¢75 sin?” —3(c}: C13) sin 2d 
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In Gl. A.6 und in den folgenden Fallen bezieht sich cos 2p¢” auf c, tad und sin 2p¢” auf Cre 


2. 60°-Versetzung : 


one | Fe cam (008 2p" 
Ope) >) }(b1+b2 cos 2h” + bg sin 2¢ )( \ag" 
— , %s6 . mi: 9 ” 

sin 2pd 


(A.7) 


In Gl. A.6 und GI. A.7 ist € = 2 fiirp =0 und «=1 WieausGl. A.8 ersichtlich ist, sind die co} -.9 mit den in 
fiir p= 1, 2,... Das in Gl. A.6 auftretende Glied Gj], A.4 fiir die 90°-Versetzung PU se as. 
(c Ce. "1, 9) wird aus den ¢ Ps 
quadratische Glieder, z.B. (. As’ aot, 9)? durch Ali™A3;™ — die folgenden Abkiirzungen als geeignet : 
ersetzt werden und entsprechend gemischte Glieder, 

z.B. 2A¥3™BYs™ durch Als™B3;m 4+ 43;mBl,m, Die in Gl. 

A.7 auftretenden Konstanten 6; besitzen folgenden 


Wert: 


1.2 dadurch gebildet, indem jdentisch. Fiir die numerische Rechnung erweisen sich 


bi = 1/8; be = 1/40; bs = (6)1/2/20. 


3. 90 haboneagesingye In diesem Fall ist keine besondere 
Berechnung der c}?’., » erforderlich, , weil ¢ die spezielle 


Art des Tensors B') die Grdésse (2 +53 *) folgender- 
massen anzuschreiben gestattet : 


is €1515° dRp dd” 


Hy? +72) = (A.8) 


12872(K¢ D) eet) (Rp +2 +h? sinh" +A))2/ kp 
0 


Mit diesen Abkiirzungen wurden fiir Nickel folgende Werte berechnet : 


c2 = 3,410 x 10-9; c2 | = —2,120x 10-19; 9? = 0,729 x 10-9; 


—1,175 x 10-9; c93? = 0,736 x 10-9; 9:8 = —1,175 x 10-9; {3} = 0,589 x 10-9 


4; 


= 17,082 x 10-8; c3'4 = —20,895 x 10-8; cf:} = 3,062 x 10-8 


— 1,099 x 10-8; c3'9 = 10,781 x 10-8; c}:5 = —9,871 x 10-8 
3,720 x 10-8; "al = 1,995 x 10-8; & 4— —2924x 10-8 
1,207 x 10-8; 9334 = —0,457 x 10-8; i434 = 0,083 x 10-8 
= —1,367x 10-8; 03-4 = —1,254 x 10-8; c835"* = 0,680 x 10-8 
— 0,237 x 10-8. 
Fiir die NiCo20-Legierung ergaben sich folgende Koeffizienten : 
2,004 x 10-9; Ga = 1,340 x 10-9 
; 9:2 = —28,30x 10-9; cf!] = 0,074 x 10-9 
-9; clil = —28,30x 10-9; ¢ : — 1,735 x 10-9; cf} = —8,79 x 10-® 
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; ref = 0,648 x 10-9; 
"1 — _215x 10-9. 


“9 


ANHANG B 


Die in Abschnitt 6 definierte Funktion F*” ist durch folgendes Integral gegeben : 


f B™(h")E(K,,Rij) (1 | | dkp ad” 
i sin?(f” +A) oe + K2)8 (Rp? + x24 h2 sin2(h” +A))3} kp 


0 0 


(B.1) 


Hierbci st fiir m 3,4 cos A -4/(10/5) und 

sin A 15/5) zu setzen. Im Falle m = 2 ist in Gl. >) 2 2 

B.1 sin2(¢d \) durch 1—(sin?¢’’)/2 zu ersetzen. Die (DP mV b Sikh 

Funktion F* geben wir hier nicht an, da sie bereits Gl. I 

A.7 zu entnehmen ist. Die in Gl. B.1 auftretende 

Schwierigkeit bei der ¢’-Integration legt es nahe, 

zunichst die k;-Integration durchzufiihren. Mit den in 

Abschnitt 6 angegebenen Integralformeln (6.13) und m 3 
(b)P(a2 — b?) 


(6.14) finden wir : 


(b)P4/(a2 — b?) 


(\/(a® — 6") —a)P 


Bo(d’) 


sin?( d” 


In 


Ro x (3pa+——_—__ + (p2-1) (a8). 


~~ 2 > 2) rym 
(1(«Ri;) —I-)(«'R;;)) dd”. 
LU ap 05) 2h ) (B.4c 


(B.2) In den Formeln B.4a—B.4c sind fiir die Konstanten a und 


Dabei bedeutet : b folgende Werte einzusetzen : 


K'2= K2+h? sin*(d” +A); 2 fiir p = 0 , 
K IP ), « fur f 1. 0°-Versetzung : 
und « 4 fiir p # 0. 


Die ersten beiden Glieder von B.2 sind elementar inte- 


grierbar und liefern : 


h? l n Ri\ << : “ cos2pA_ | 
-( 2 In =KRo-— —ni(1)—2 > In > a, s Dp? K2t-2, (B.3) 
2 4 a; as SP" het "| — sin 2pr 


K- 


In B.3 bezieht sich die Summation iiber 1 auf cos2pA 2. 60°-Versetzung : 


und die Summation iiber 2 auf sin 2pA. Dabei 


bedeutet : 


cos 2ph 
@? = — dd ; 

‘ J (c2+h?2 sin2d)! Die Koeffizienten ry » sind im Anhang A definiert. 
Das dritte Glied des Integrals B.2 ist nicht geschlossen 


0 
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integrierbar. Wir gehen deshalb auf die explizite Darstellung der Funktionen J°° Rij ) zuriick und fiihren die 
Integration gliedweise durch. Nach Gl. (6.14) lauten die Funktionen be DP («Ri j) (siche hbk. 13) 


I 
5g 4 PR), Kol Ris) + $uPR?; Kol Ri)] 


d 24 


“ 


-| 3«RijKg («Rij) + 3x? 2Re iK: ( «eRiz) — i 
Re 


1 a 
RE eR? 

9 120 + 1280 
12(«Rjj) (40+ de2R?)Ko(Rij) + 3 RigKo(«Rij)— 


1152 48 
zh 4Ka(« Ri;) )+ 6«Ri;K; 3(«Ri;z)+ 4K? 2Re 7K: o(kRi;)— 


oe 
4608 


ne " 9 as 9) Ss 
KARS. K?-Re. 
tj a) 


Ass. 13. Die nach (6.14) berechneten Funktionen bi | KR;;). 


Mit Hilfe der G1. B.5 erkennen wir, dass im Integral 


: WP it : ) 
rm = — _ eT (« Riz) —L5(«' Rij) 
82 J sin2(” +) | - 21 2p\ ) 
0 


dd g 
folgende Teilintegrale auftreten : 


OB .* n | ] n | 
of’) (5) —-(—ser) <e] cos 20" ag" 
*sin2(p”+2) eR? 6 \ '2R2) '6J 


=34n 


0s 2pA 
_ ac > 2 (oP n_ + DP *)< 03 dng r jcos p } (1c)24-2, 
~ QR e642n , 


“ |—sin 2p) 





In Gl. B.7 


eingesetzt 
bundene 


Mit Hilfe 


H. 
(x R;;) 4— "RK n( 
Ky(«Rij)— 


’ 
/6 


wurde fiir B, (¢’’) die Darstellung 


Jn 4! 
> (od ) 


Es ist sofort ersichtlich, dass das mit ag’ ver- 
Integral besonders betrachtet werden muss. 


der Integraldarstellung 


Ky(«Ri;) 


i 


erhalten w 


Io 


+ «Rj; cos*d 


Auf diese Weise ist es gelungen, den in Gl. 


tenden Ne 
nun in 
tionen 


Hierbei bedeuten (C - 


Z 


Gl. 


an, 


x 


[ exp[- 


«R;;)" }(t+(«?R?.) t)jt-"“dt 


(B.8) Bei 


k6nnen wir 
verzichten und sofort auf Kp(«’Ri;)/(«’ Rij)? das bereits 


ir fiir das erste Glied des Integrals B.7 : 


erwahnte 
wenden; 


Kn(«Ri;) 
; " («)" 24. 
(K« y” < 


I" KRij yi 


)4 nhy2 [ 


8 
K = 


_, Kale Ris) 
(x’)M l 


(B.9) 


B.7 auftre- 
Wenden wir 
Besselfunk- 


nner sin*(¢’’+ A) zu beseitigen. 
B.9 das Additionstheorem der 


so erhalten wir : 


(1'(n) S (n+ 
=0 


(« Rij) *h2al'(2)3" 
K8(hR;;)?” q 


x 


+1) > (n+94+1)Kn.q.1(2 ng ql? He . 


g=-0 


= Gegenbauersche Funktion) : 


be Rif +4/(1+h2/x2)]; 


be Rij[y/(1 +h? /«?)—1] 


C% (cos 24") 
= ; dd 
«2+ h2 sin?(d” +A) 

iz. 
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. KRONMULLER H., 
. Brown W. F., 
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. SEEGER A., Handbuch der Pleyeih Bd. VII/2. Springer 


. SEEGER 


. BROWN W. 


A. SEEGER 


T +) add’. 


(n)oq } 


S (n), 
‘ — 
v=0 vi 


2q—v)! 


@iq-v 
1 


” 


| cos" "C3 ge ; (cos 2 2¢’ oY 1d” 


- x silt aia — —) (B.12) 
(q!)° (q—1)!(¢+1)! 


der Integration der Glieder fiir v > 0 in Gl. 
Integraldarstellung nach Gl. 


B.7 
auf die B.8 

Additionstheorem der Besselfunktionen an- 
dann kann die ¢”’-Integration wieder mit Hilfe 
in Gl. B.4 angegebenen Beziehungen durchgefiihrt 


werden. 
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COMPOSITION STABILITY LIMITS OF BINARY 
SEMICONDUCTOR COMPOUNDS 


R. F. BREBRICK 
U.S. Naval Ordnance Laboratory, White Oak, Silver Spring, Maryland 


(Received 10 May 1960) 


Abstract—The composition stability-limits of an essentially-ordered, non-degenerate, semiconduc- 
tor crystal, MN, showing small deviations from stoichiometry, are investigated under the conditions 
(1) that clustering of atomic point-defects is unimportant, (2) the predominant atomic point-defects 
are M-vacancies and N-vacancies, (3) each M-vacancy is associated with one acceptor level and 
each N-vacancy with one donor level, and (4) the coexisting phase is one or the other of the pure 
elements M or N. Characterizing a limit of stability by the corresponding value of the net relative 
electron concentration, (n—p)/2n;, it is found that the magnitude of the stability range is larger the 
more negative the standard free energy of formation of the compound and the larger the intrinsic 
disorder ratio. The latter is the square root of the Schottky constant for ionized vacancies divided by 
the intrinsic carrier concentration. The parameters determining the position of the stability range 


th 
are also given. 

The effects of singly ionized foreign donor and acceptor impurities on the limits of stability are 
considered for the same crystal model under the restriction that the foreign impurity does not signi- 
ficantly alter the Gibbs free energy per gram-atom of the coexisting phase. The behavior of the net 
relative electron concentration as a function of the concentration of ionized foreign impurities 
depends on the value of the former concentration in the pure compound and on the intrinsic disorder 
ratio. There is an asymmetry in the effects of donors and acceptors that can be large. Donor im- 
purities are more effective in increasing the net relative electron concentration at a positive limit of 


stability (n 


of stability 


1. INTRODUCTION 
A PURE CRYSTALLINE semiconductor compound can 
exist over a range of composition by the inclusion 
of atomic point defects. The latter are often 
associated with donor or acceptor levels in the for- 
bidden gap of the electronic energy band structure 
so that electrical measurements can be used to 
detect composition changes whose magnitudes can- 
not be determined by conventional analytical tech- 
niques. KroGer and VinK"!:?) have extended the 
earlier theory of ScHotrKy and WaGner relating 
the concentrations of point defects in an essentially 
ordered compound showing small deviations from 
the stoichiometric composition. The experimental 
results on a number of compounds have been 
successfully interpreted®-4,5) with the extended 
theory. For a given model of a non-degenerate 
semiconductor compound the appropriate mass 
action law equations and the equation for electrical 


p) than acceptor impurities are in decreasing it. The converse holds at a negative limit 


neutrality are solved approximately by a graphical 
method. The concentration of each type of point 
defect is thereby obtained as a function of the tem- 
perature and (for a binary compound) partial 
pressure of one gaseous species of one crystal 
component. The various energies quantitatively 
characterizing the crystal model appear as para- 
meters in this functional dependence. However, 
the theory is that of a single phase and in itself says 
nothing concerning the question of the range over 
which the phase is stable. It is the purpose here to 
examine this question. 

In order to obtain specific results some assump- 
tions concerning the thermodynamic properties of 
the semiconductor crystal and the phases coexist- 
ing at either limit of stability must be made. The 
treatment is simplified by considering those 
situations in which the coexisting phase is one or 
the other of the pure elements. The semiconductor 
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crystal, MN, is characterized by expressions for 
the chemical potentials of the crystal components 
M and N which follow from a statistical mechan- 
ical analysis. 6) As has been shown such an analysis 
leads to the mass action law equations used as a 
starting point by KroGer and Vinx. The limits of 
stability for the semiconductor compound can then 
be obtained in terms of energy terms associated 
with the creation of the predominant point defects 
in the compound and the molar Gibbs free energies 
of the compound and the pure elements. ‘The ap- 
proach is different from that used for systems 
showing relatively wide ranges of stability in which 
nearest neighbor interaction and consequent 
possible clustering of atomic point defects limit the 
stability range.‘7-8) In an essentially-ordered com- 
pound semiconductor the chemical potentials of 
the crystal components can be very strong func- 
tions of composition ®) and consequently the limits 
of stability can be attained before or near the point 
at which clustering becomes important. The effect 
of foreign atoms that act as donors or acceptors is 
then considered. 

For simplicity an essentially-ordered binary 
semiconductor MN is considered. It is assumed 
that (1) the predominant point defects are vacancies 
in the two sublattices, (2) each M vacancy (NV 
vacancy) is associated with one acceptor (donor) 
level, and (3) the semiconductor is non-degenerate. 
As is the case in the theory") relating the con- 
centrations of point defects the results are formally 
the same if (1) is altered by considering certain 
other point defect pairs. The four possibilities 
arise by taking N vacancies or M interstitials to be 
associated with donor levels and either M vacancies 
or N interstitials to be associated with acceptor 
levels. Assumptions (2) and (3) seem to be neces- 
sary if the results are to be obtained in analytical 
form. The problem though simplified in this way 
is still physically interesting since a number of 
semiconductors fit the assumptions over a broad 
range of conditions. 


2. CHEMICAL POTENTIALS OF SEMI- 
CONDUCTOR-CRYSTAL COMPONENTS 


At each temperature the standard state relative 
to which all chemical potentials and free energies 
are measured is the monatomic gaseous elements 
each at one atmosphere and considered ideal 
unless stated otherwise. If the vapor phase in 


~ 


equilibrium with the semiconductor crystal, MN, 
is ideal, the chemical potentials of the M and N 
components as given respectively by equations. 
(A.8a) and (A.8b) of the Appendix can be written 
as 


-M = RT \n Pu = RT |n S&S Vu ie 
+. (Ey— Eq)—Ey—RT In Ki —p?, (1a) 


pn = RT InPy = RT In S/Vy- 


se (Ey — Kq)—En—RT In K\ —pr (1b) 
where Py and Py are respectively the partial 
pressures of gaseous, monatomic /-component 
and gaseous monatomic N-component in equili- 
brium with the crystal; Vy, and Vy are respectively 
the concentrations of ionized M-vacancies and 
ionized N-vacancies; S is the constant concentra- 
tion of lattice sites in each sublattice; Ey, Ey, and 
Eq are respectively the energies of the Fermi level, 
the acceptor level associated with each M-vacancy, 
and the donor level with each N- 
vacancy; Ky, and Ky are respectively contribu- 
tions of the lattice vibrations given by equation 
(A.6) of the Appendix for a simple Einstein model ; 
and Ey, and Ey are respectively the energies per 


associated 


mole to create unionized M-vacancies and un- 
ionized N-vacancies. More precisely Ey is the 
energy on a per mole basis to remove one M-atom 
from the crystal to infinity in its lowest quantum 
state leaving an unionized M-vacancy in the 
crystal, the concentrations of all other point defects 
being held constant except phonons which are 
allowed to assume an equilibrium distribution. 
The quantities 4), and jx refer to respectively the 
ideal monatomic gases M and N and are the 
chemical potentials at one atmosphere measured 
relative to the infinitely dispersed atoms in their 
lowest quantum state. The composition depend- 
ence of the chemical potentials resides in their 
dependence on the concentration of ionized 
vacancies and on the Fermi level. The Fermi level 
for a non-degenerate semiconductor is given by the 


equation: 


Ey = Et + RT sinh~ly (2) 


oe : on! . ; ’ 
where Ey is the intrinsic Fermi level) and y is 
given by 


(3) 





118 R. #. 


The concentrations of conduction band electrons 
and valence band holes are m and p respectively. 
The concentrations of electrons and holes in the 
intrinsic semiconductor are each given by , the 
intrinsic carrier concentration. Thus the reduced 
variable y is the net relative concentration of elec- 
trons. The concentrations of ionized vacancies may 
be obtained in terms of y by means of the mass 
action law equation for ionized vacancies given by: 


VuVn ks (4) 


and the equation for electrical neutrality given by 
[( Vn- Vu) 2nj|+ D= y (5) 


where D is the concentration of ionized foreign 
donors less the concentration of ionized foreign 
acceptors all divided by twice the intrinsic carrier 
concentration and where it is assumed that the 
impurities are not multiply ionized. The result is 
In(Vy/k1/?) = — In(Vu kl/?) = sinh1[{(y—D)/«] 

(6) 
where the “intrinsic disorder ratio”’ « is the square 
root of the Schottky constant, ks, divided by the 
intrinsic carrier concentration, m. For a semi- 
conductor which conducts primarily by electrons 
and holes rather than by ions the intrinsic disorder 
ratio cannot be too large. A typical range of values 
is illustrated) by PbS in which « varies from 0-05 
to 0-7 for temperatures between 800° and 1350°K. 
Substituting equation (2) and (6) into equation 
(la) one obtains, 


um = RT sinh“ [(y—D)/«]+ 
+RT sinh-!y+ (E,- Eq)— RT/2 |nks— 
—Ey+RT In(S Ky)—bay- (7) 
In what follows it will be useful to have an analog- 


ous expression for the difference in the chemical 
potentials given by 


en—-pm = —2RT sinh“ [(y—D)/«]— 
—2RT sinh“y— (2E7,— Eq—Ea)+ 
+(Ey—Ey)+RT In Ky/Ky +(4yy—-Hy) 
(8) 


where (Ey— Ey )—(2Ey— E, — Eq) is the difference 
in the energy to create an M-vacancy and that to 
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create an N-vacancy in the intrinsic crystal; and 
K,,/Ky is a temperature independent ratio of 
frequencies in the high temperature limit (equation 
A.7). The expressions for the chemical potentials 
given by equations (7) and (8) depend on com- 
position only through the first two terms of the 
right-hand members. The intrinsic carrier con- 
centration and the square root of the Schottky con- 
stant determine the magnitude of change in the 
concentration, ”—p, necessary to alter significantly 
the chemical potentials. Since these constants are 
often very small relative to the concentration of 
atoms, very small changes in atom concentrations 
can exert large effects on the chemical potentials. 
The composition dependence of the chemical 
potential given by equation (7) reduces to that 
recently used@°) by WaGNER to analyze experi- 
mental results of the solid state coulometry tech- 
nique when one considers a pure crystal, D = 0, 
and a much higher intrinsic disorder of atoms than 
electrons, « = 00. 

The net relative electron concentration is chosen 
as a measure of crystal composition rather than the 
mole fraction of one crystal component since it 
corresponds more closely to what is measured ex- 
perimentaly in semiconductor compounds show- 
ing only small deviations from stoichiometry. Pro- 
vided all the donors and acceptors are ionized, the 
mole fraction of either component may easily be 
obtained for the pure crystal using equation (5) to 
obtain first the deviation from stoichiometry, 
Cy—Cy. For the impure crystal the net relative 
concentration of ionized foreign donors must also 


be known. 


3. LIMITS OF STABILITY OF PURE COMPOUND 
At constant temperature and pressure the 
criterion of thermodynamic equilibrium is that the 
chemical potential of each component of the system 
must be the same in each phase. This leads to the 
expression : 
AF 
Ax 


(9) 


H-N—--PM = 


where AF = F’—F; Ax = x'—x; F’ is the free 
energy per gram atom of the coexisting phase; F 
is that of the binary-compound semiconductor; x’ 
is the atomic fraction of component N in the 


coexisting phase; x is that in the semiconductor. 
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There are two equations of the form of equation 


(9), one for both the M-rich and N-rich limits of 


stability of the semiconductor compound. The 
coexisting phases will, of course, be different in the 
two cases. A well-known schematic representa- 
tion!) is given in Fig. 1, where the isothermal 


3, IMPURE SEMICONDUCTOR 


SEMICONDUCTOR 


|, COEXISTING PHASE 


COMMON TANGENT TO 
| AND 2 WITH SLOPE 
Hn-HM 


~ 

TANGENT TO3 WITH 
| ; SLOPE “ny-Hm 
fe) x, ATOM FRACTION OF N— 
Fic. 1. Schematic diagram of isothermal free energies 
per gram-atomic weight of coexisting phase, pure semi- 
conductor, and impure semiconductor as a function of 
composition. Dashed curves are in reference to impurity 
effects. 


FREE ENERGY PER GRAM-—ATOMIC WEIGHT 


Gibbs free energy of one gram-atom of the semi- 


conductor compound and that of one coexisting 
phase is plotted against the atom-fraction of com- 
ponent N. The equilibrium compositions of the 
two phases are determined by the point at which 
the free energy curves are tangent to a common 
straight line whose slope is ~wy—pm. A basic 
assumption in the theory of point defects in 
essentially ordered crystals is that the range of 
stability is small enough at any one temperature 
that the Gibbs free energy per gram atom is equal 
to one-half the sum of the chemical potentials of 
the M and N components of the compound MN 
and this sum is a function of temperature only. ‘The 
individual chemical potentials and their difference 
can change significantly with composition, how- 
ever, as seen by equations (7) and (8). 

In order to proceed with equation (9) further 
consideration is restricted to those cases in which 
the phases coexisting with the semiconductor com- 
pound at either limit of stability are of “‘fixed”’ 
compositions. For concreteness consider these 
phases to be the pure elements M and N. “Fixed”’ 
composition then means that the M-rich phase in 


equilibrium with the compound contains so little 
of component N that the composition difference, 
Ax, appearing in equation (9) differs only neg- 
ligibly from —4 and the gram-atomic free energy 
F’ differs negligibly from that of the pure element 
M. Equation (9) can then be written as: 


(10) 


where AF}, is the change in Gibbs free energy 
in forming one mole of the compound MN from 
the elements; KF is the molar Gibbs free energy of 
the element N relative to gaseous, monatomic N 
at one atmosphere and considered ideal, and Fr is 
the analogous quantity for element M. The upper 
sign of the first term of the right-hand member of 
equation (10) is to be taken for the M-rich limit of 
stability and the lower, negative sign, for the N- 
rich limit. Substituting equation (8) with the net 
relative donor concentration, D, set equal to zero 
into equation (10) gives the desired result as: 


pn—pm = +AFyy+(Fy—Fy,) 


2RT(sinh~y/«+ sinh~!y) 


= —AFyy+4; M-rich (11a) 


2RT(sinhy/a+ sinh-!y) 


= AF i yt+4; N-rich (11b) 


where y in the upper equation is the value of the 
net relative electron concentration, (n—p)/2n;, at 
the M-rich limit of stability, y in the lower equa- 
tion is the value at the N-rich limit; and the para- 
meter a is given by: 


a = (Ey—Ey)—(2E 
+RT In Kj,/Ky+(Fo, — F%,) + (uo, —19,). 
(12) 


Only negative values of the free energy of forma- 
tion AF}; are significant since only for these 
values is the compound a stable phase. 

The limits of stability determined by equations 
(11) are wider apart the more negative AF},y is 
and the larger the intrinsic disorder ratio, «, is. 
This is readily understood since the more negative 
the free energy of formation, the greater the excess 
of component M or N that can be incorporated 
into the crystal before the chemical potential of 
M or Nis increased to that of the pure element. On 
the other hand, any increase in the net relative 
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electron concentration, y, must be compensated by 
an identical increase in (Vjy— V y)/2nj in the pure 
crystal (equation 5). This latter change is more 
effective in increasing the chemical potential of M 
in the crystal when the intrinsic disorder ratio is 
small, as can be seen from equation (7). Thus, in 
two semiconductor compounds with the same free 
energies of formation and the same intrinsic 
carrier concentrations, the limits of stability (as 
measured by net relative carrier concentrations) 
are wider apart in the compound that has the 
larger Schottky constant, i.e. in the compound in 
which less energy is required to create the atomic 


point defects. 


ac eT — 
bo MN cri 


Fic. 2. Net relative electron concentration at a limit of 
stability as a function of the free energy of formation per 
gram-molecular weight of compound (equations 11 and 
12). Solid curves are for a equal to zero and the labeled 
value of «; dashed curves are for the labeled values of 


a/2RT and « = 10-2. 


The position of the range of stability is deter- 
mined by the sign and magnitude of the parameter 
a divided by 2RT. Positive values of a tend to shift 
both limits of stability in the direction of increasing 
concentration of electrons and component M. 
Negative values do the opposite. The value of a is 
more positive the larger the energy to create an 
M-vacancy in the intrinsic crystal is than that re- 
quired to create an N-vacancy. It is also more posi- 
tive the larger the molar free energy of / mea- 
sured relative of the infinitely dispersed atoms in 
their lowest quantum state is than that of N (last 
two terms of equation 12). The free energies of the 
elements relative to the standard state chosen here 
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are simply 

Fy 
where P4, is the partial pressure of gaseous mon- 
atomic, M-component in equilibrium with the 
pure element M and fe is the analogous quantity 
for the pure element N. 

To illustrate some of the above points, the limits 
of stability given by equation (11) are plotted in 
Fig. 2 against the molar Gibbs free energy of 
formation for a few values of the parameters « and 
a. Only positive values of the net relative electron 


= RT\nP° 


M’? 


F®, = RT In P® 


concentration are shown. 


4. IMPURITY EFFECTS ON THE LIMITS OF 
STABILITY 


Theory 

In this section the assumption made in the last 
section that the semiconductor compound is in 
equilibrium with one or the other of its pure 
elements is discarded. As usual, it is assumed that 
the concentration of impurities in the semicon- 
ductor compound is small enough that the molar 
Gibbs free energy is negligibly different from that 
of the pure intrinsic compound. The limits of 
stability in the presence of an impurity are then 
related to those in the pure compound by the 


following: 


pm (with impurity) = «7 (pure compound) 


(13a) 


(4 —pm) (with impurity) 
(13b) 


If the impurity is imagined to be confined to the 
semiconductor compound, equation (13a) is exact. 
Moreover, a similar equation for component N and 
therefore equation (13b) are also valid. Such a 
partial equilibrium might be attained in practice 
when impurity diffusion is much slower than inter- 
diffusion. However, equation (13b) can be a good 
approximation under less restrictive conditions as 
will be indicated qualitatively below. In this case 
(equation 13a) is also approximately true since the 
gramatomic free energy of the compound is ap- 
proximately independent of composition for small 
tmpurity contents and deviations from stoichio- 
metry. Suppose the impurity distributes itself 
between the semiconductor compound and the 


= (4ny—pm) (pure compound) 
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coexisting M-rich phase. The atom fraction scale 
in Fig. 1 is now calculated ignoring the impurity. 
The isothermal Gibbs free energy per gram atom 
of the coexisting phase is assumed to be essentially 
unchanged but is now drawn for the equilibrium 
impurity content. The weak composition depend- 
ence of this free energy isotherm is due to the 
assumed high intrinsic disorder of the coexisting 
phase. The isothermal Gibbs free energy of the 
semiconductor compound must be shifted slightly 
since the chemical potentials of M and N, and 
therefore the slope of the free energy isotherm, for 
a given “atom fraction” are altered by the influence 
of electrically active impurities on the Fermi level 
(equation 5). In Fig. 1 this is shown arbitrarily as a 
horizontal shift of the isotherm with no change in 
shape. At some “atom fraction’”’ the isotherm for 
the impure compound has the same slope as the 
isotherm for the pure compound at the M-rich 
limit of stability of the latter as shown in Fig. 1. At 
this composition the tangent to the isotherm for the 
impure compound is not generally simultaneously 
tangent to the isotherm for the coexisting phase. 
However, a simultaneous tangent will be found at a 
slightly different composition, the difference being 
smaller the larger the difference in the “atom 
fractions’’ of the coexisting phases and the stronger 
the composition dependence of the isotherm for 
the impure semiconductor compound. Therefore 
in practice one expects equations (13a) and (13b) 
to be a good approximation even when the impurity 
is present in both coexisting phases provided the 
impurity content is small and the temperature is 
far enough below the invariant melting point of the 
semiconductor compound. 

Substituting equation (7) into equation (13a) and 
equation (8) into equation (13b) gives the common 


desired result: 
sinh-![(y—D)/«]+ sinh-ly 


= sinh!yo/%+ sinhlyo (14) 
where yo is the relative net electron concentration 
[equation (3)] at either limit of stability of the pure 
compound; and y is that at the corresponding limit 
of stability for the impure compound. The be- 
havior of the limit of stability in the impure com- 
pound, y, is shown in Fig. 3 as a function of the net 
relative concentration of ionized donors in the 


compound for various values of yo (the intercept 
on the y-axis) and the intrinsic disorder ratio «. 
Unless there is a zero range of stability, there will 
be two curves, one for either limit of stability, 
associated with a particular compound at a given 
temperature. As seen from equation (14), for a 
given value of « the curve for one value of yo is 
related to that for —yo by a center of inversion 
through the origin. This is illustrated in Fig. 3 by 
the curves for yo equal to +10 and —10. For 
absolute values of yo, larger than about 5, the 
parameter « is unimportant in the range zero to 
unity, which is probably typical of a large number 
of semiconductors with not too large a forbidden 
energy gap. The large asymmetry in the effects of 
donors and acceptors on a limit of stability is to 
be noted. If the net relative electron concentra- 
tion is positive at one limit of stability of the pure 
semiconductor, the addition of donor impurities 
increases this concentration. For values of « 
between zero and unity the net relative electron 
concentration soon reaches one-half to one 
times the net relative donor concentration, de- 
pending on the exact value of « and yo. The 
addition of acceptors on the other hand decreases 
the net relative electron concentration more slowly. 
Asymptotically the (negative) net relative electron 
concentration varies linearly with, but may be only 
a small fraction of, the (negative) net relative donor 
concentration, the fraction depending on the exact 
value of « and yo. For values of yo greater than 
unity, the net relative concentration of ionized 


acceptors required to make the crystal intrinsic is 
1. One would say 


approximately 2y5 for a: 
qualitatively that at a positive limit of stability 
donor impurities are more effective in adding 
electrons to the crystal than acceptor impurities 
are in adding holes. The reverse of course holds at 


a negative limit of stability. 


Alloy impurities 

In the above foreign impurities which have one 
donor or acceptor level associated with each atom 
have been considered. Consider an “alloy”? im- 
purity which enters the lattice of the semiconduc- 
tor compound substitutionally for either the MW or 
N atom but has no impurity level associated with 
it. This might be the case when the valence shell 
of the impurity atom is similar to that of the sub- 
stituted atom. Oxygen, selenium, and tellurium 
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D=(Np-Nq)/2nj ——> 


Fic. 3. 


Net relative electron concentration at a limit of stability as a function of the 


net relative concentration of ionized, foreign donor impurities. The solid lines are for a 
value of « of unity. The dashed lines are for a value of « equal to 107°. 


impurities in lead sulfide would be expected to be 
examples. The concentration of impurity then does 
not enter equation (5) expressing the condition for 
electrical neutrality. Therefore, the effect of this 
type of impurity on the net relative electron con- 
centration is given by equation (14) with D set 
equal to zero. In other words, the net relative 
electron concentration at a limit of stability is un- 
changed by the presence of the impurity! The 


impurity concentration must be small enough, of 


course, not to change significantly the basic pro- 
perties of the host lattice or the free energy of the 
coexisting phase. The reason for the above result is 
as follows. In the approximation used here the 
chemical potentials of the crystal components are 
assumed fixed at a limit of stability independent of 
the impurity content. The impurity atoms occupy 
N-sites in the lattice, say. Since the chemical 
potential of component N depends on the con- 
centration of N-vacancies and not on that of N- 
atoms, the same concentration of N-vacancies and 
donor levels and hence M-vacancies and acceptor- 
levels will result with and without the “alloy” 
impurity. 


Internal structure of the solidus field 

Impurity effects for crystal compositions within 
the limits of stability have been considered by 
KROGER and VinK®) and an approximate graphical 
solution given. An analytical solution can be given 
for the special case considered here (assumption 
(2) in the Introduction). One asks how the net 
relative concentration of electrons is affected by 
the presence of electrically active impurities when 
the chemical potential of one crystal component is 
held fixed, ie. when the partial pressure of one 
gaseous species of one component is held constant. 
Using equations (la), (1b) and (7), the partial 
pressures are given by the equations: 


(1/r) In(Py,/P44,) = (1/s) In(P,/Pw,) 


fay 


2 sinh-1(2——) 4 sinh-ly (15) 

: 
where Pj,, is the partial pressure of gaseous r- 
atomic M-component in equilibrium with the 
intrinsic crystal, y = 0; Py. is the analogous 
quantity for gaseous, s-atomic M-component, and 
the other terms are as previously defined. If the 
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electronic energy band structure is neglected and 
all electrons are considered to belong to atoms or 
ions, only the first term of the right-hand member 
of equation (15) occurs with D = 0. (Ref. 8, p. 37.) 

The partial pressures of the crystal components 
in equilibrium with the intrinsic compound have 
been obtained?) in terms of the energy para- 
meters of the crystal model and the free energy of 
formation of the compound. However, the 
chemical potentials relative to the atoms at infinite 
dispersion as given by equations (A.1a) and (A.1b) 
were incorrectly identified as chemical potentials 
relative to the monatomic gases at one atmosphere 
and considered ideal, equations (A.8a) and 
(A.8b). Moreover, the energies required to create 
lattice vacancies were incorrectly identified as 
indicated in the Appendix. The partial pressure of 
monatomic V-component in equilibrium with the 
intrinsic crystal is obtained from equations (la) and 
(1b) and equation (2) of Ref. (12) as 


2RT In Py, = Fun+(Em—Ey)— 
= (2E5— Ka _ Ea)+ RT In Ky Kyt+ (W4 — ben ) 
(16) 


where Fyzn is the molar Gibbs free energy of the 


compound MN relative to the standard state of 


gaseous, monatomic components at one atmosphere 

and considered ideal. If the last term is ignored 
P “? ‘ . 

and if £; is arbitrarily set equal to zero, equation 


(16) is equivalent to its analog, equation (6) of 


Ref. (12). However, the treatment here shows that 
the validity of equation (16) is independent of 
whether the semiconductor compound is simul- 
taneously intrinsic and stoichiometric and that the 
energies to create atomic point defects enter as the 
difference in the energy to create an M-vacancy in 
the intrinsic compound and that to create an 
N-vacancy. 

Equation (15) can be used to give the internal 
structure of the solidus field of the semiconductor 
as exhibited by lines of constant net carrier con- 
centration.* The equation can also be used to 
determine the limits of stability, for the pure semi- 
conductor regardless of the atomic ratio of M to N 

* Fig. 4 of Ref. (4) gives the experimentally deter- 
mined internal structure for PbS. Since for PbS the 
donor and acceptor levels are all ionized the net carrier 
concentration is equal to the difference in the Pb and S 
concentrations. 





in the coexisting phases, provided the vapor phase 
is ideal and the appropriate partial pressures are 
known. In this sense equation (15) is a generaliza- 
tion of equations (11a) and (11b) and reduces to 
them when the coexisting phases are the pure 


elements. 


Comparison with elemental semiconductors 
The solubility of a given electrically active 
impurity in an elemental semiconductor is in- 
fluenced by the presence of a second electrically 
active impurity in a manner somewhat analogous 
to the effect of impurities on the limits of stability 
in compound semiconductors. The theory has been 
given by Rerss and FuLier"*) under the assump- 
tions that the second impurity is present only in 
the semiconductor crystal and the influence of 
native atomic point defects is negligible. The ex- 
perimental solubility of lithium in boron-doped 
germanium follows the theory quite well. KROGER 
and ViINK®) have given a discussion of the same 
problem using the graphical method. For compari- 
son with the behavior of semiconductor com- 
pounds, the result of Reiss and FULLER") is re- 
written to give 
In(y—D’)+ sinh-ly = Inyo+ sinh~yo (17) 
where yo is the relative net electron concentration 
when the otherwise pure elemental semiconductor 
is saturated with a given impurity, and y is that 
when there is a fixed net relative concentration of 
ionized foreign donors, D’, in the crystal, exclusive 
of that of the impurity whose solubility is in 
question. Equation (14) is the analogous result for 
the semiconductor compound giving a measure of 
the solubility of atomic point defects native in the 
pure crystal as a function of impurity content. The 
inverse hyperbolic sine terms common to both 
equations arises from a common dependence of the 
chemical potential of an impurity in an elemental 
semiconductor and that of a crystal component of a 
semiconductor compound on the Fermi level. The 
logarithmic terms in equation (17) follow from the 
dependence of the chemical potential of an im- 
purity in an elemental semiconductor on the 
logarithm of the concentration of that impurity in 
the ionized state. This concentration is linearly 
related to the concentration, y—D’, through the 
equation for electrical neutrality. In the semi- 
conductor compound the chemical potential of one 
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of the crystal components depends not on the 
logarithm of the concentration of that component 
but on that of the ionized atomic point defect re- 
lated to that component. In turn this latter con- 
centration depends quadratically on the concentra- 
tion, y—D, through the equation for electrical 
neutrality and the mass action law equation 
coupling the concentrations of the two predomin- 
ant atomic point defects in the ionized state (equa- 
tions 1, 4, 5, 6). As a 


hyperbolic sine term enters equation (14) in both 


result another inverse 


members. 


5. COMPARISON WITH EXPERIMENT 
Among compound semiconductors with ranges 
of stability small enough that the basic theoretical 
assumptions might be valid, PbS is probably the 
best Attention 
confined to it with some remarks about PbSe and 


understood. will therefore be 
PbTe. In all three compounds excess lead leads to 
n-type behavior so that the place exchange type of 
point defect is not predominant. The donor and 
acceptor levels associated with deviations from 
stoichiometry and the few impurities investigated 
systematically are ionized at room temperature and 
above so that the high temperature value of (—p) is 
unchanged by quenching to room temperature, 


(assuming quenching freezes the concentrations of 


atomic point defects). High temperature properties 


can therefore be simply interpreted in terms of 
room temperature electrical measurements. Finally 
there is only one donor or acceptor level associated 
with each point defect in PbS and this appears to 
be true for PbSe and PbTe also. 


Internal structure of the solidus field for PbS 

The internal structure of the PbS solidus field 
has been determined in pure and doped crystals 
between 1000° and 1223°K by BLoem®). Analysis 
by the graphical method, equivalent in principle 
to fitting the experimental data with equation (15), 
gave the intrinsic carrier concentration as ™ = 
1015-2732 exp(—E/kT) with E = 0-33 eV; the 
Schottky constant as ks = 1043-4 exp(— E/AT) with 
E = 1-75 eV, and the partial pressure of diatomic 
sulfur in equilibrium with intrinsic PbS as 
log p’ (atm) = —[7-48(108)/7]+5-04. The extra- 
polated value of p', agrees well with that calculated 
from the work of BReBRicK and ScANLON“4) at 
773°K using the vapor pressure of sulfur given by 
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West"), The extrapolated lines of constant net 
electron concentration, n—p, do not agree well, 
however. Knowing p, as a function of tempera- 
ture and the free energy of formation of PbS the 
difference in the energies to create Pb-vacancies 
and S-vacancies in the intrinsic crystal and the 
quantity log(Kp,/K ) can be obtained.* The values 
are respectively +0-4eV and 2-0 with the free 
energy of BLOEM and 
KRoGER":4), and respectively +0°:3 eV and 1-21 


formation used by 
with the free energy of formation recently deter- 
mined by STuBBLEs and BrrRcHENALL"?), 


Limits of stability for PbS 

The limits of stability of PbS have been deter- 
mined") between 1000°K and 1400°K (the invari- 
ant melting point) on the Pb-rich, n-type side and 
833° and 1400°K on the S-rich, p-type side. The 
maximum deviations from stoichiometry occur at 
about 1360°K on the Pb-rich side and 1110°K on 
the S-rich side; the corresponding room tempera- 
ture Carrier concentrations are respectively 1-6 x 
1018 holes/cm?. The 


limits of stability between 560 and 1000°K have 


1019 electrons/cm*® and 6-5 x 


been calculated using equation (15) with the values 
of ks and p, obtained from the formulae above, 
the partial pressure of diatomic sulfur in saturated 
sulfur vapor,"5:17) the vapor pressure of lead,[8) 
the free energy of formation of PbS,“61% and 
intrinsic carrier concentrations below 800°K given 
by m = 1018-9272 exp(— E/kT) with E = 0-129 eV. 
The latter corresponds to a room temperature 
value) for mj of 3 x 101°, and a room temperature 
energy gap!) of 0-37 eV which increases?) by 
3-7 x 10-° eV per degree Kelvin as the temperature 
increases. The value of given by this formula 
agrees with that given by the above expression 
from the work of BLoEM and Krocer at 800°K. 
The limits of stability obtained agree within a 
factor of two or less with the experimental data in 
the overlapping temperature range. At lower 
temperatures they agree with a linear extrapolation 
of the experimental values (Ref. 4, Table 1) 
obtained on a plot of the logarithm of the room 
temperature carrier concentration against re- 
ciprocal equilibrium temperature. The fact that 
the melt in equilibrium with S-rich PbS contains 5 


, 


* Using equation (16) and assuming Kp, 


perature independent. 


K; is tem- 
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atomic per cent) or more Pb above about 800°K 
means that the calculated S-rich limit of stability 
should be somewhat high. 

The limits of stability of PbS can also be under- 
stood in terms of equations (11) and (12). Of parti- 
cular interest is the fact that the difference in the 
free energies of elemental lead and sulfur referred 


to the atoms at infinite dispersion (last two terms of 


equation 12) is positive,7%) being 0-34eV at 
300°K and 0-13 eV at 800°K. Along with the 
positive signs of the other quantities determining a 
in equation (12), this accounts for the fact that the 
range of stability lies primarily on the Pb-rich, 
n-type side of the stoichiometric composition in 
PbS. In contrast the corresponding differences for 
Pb and Se and Pb and Te vary respectively be- 
tween +0:05 and —0-04eV and —0-05 and 
—0-11 eV over the same temperature interval. 
Other things being equal, one therefore expects 
the range of stability to be shifted away from the 
Pb-rich side in going from PbS to PbTe. In PbTe 
the limits of stability have been determined be- 
tween 673° and 1148°K and the stability range has 
been found to lie primarily on the Te-rich, p-type 
side.'°3) In PbSe the limits of stability have been 
determined °*) for a temperature interval only some 
30°C below the invariant melting point but would 


be expected to be more symmetrical about the 


stoichiometric composition at low temperatures 
than is the case for PbS or PbTe. 
Impurity effects on the limits of stability on PbS, 
PbSe and PbTe 
Ingots of PbS containing just enough excess 
lead to insure the presence of a second condensed 


phase have been fused with varying amounts of 


1088°K 
under inert atmospheres in sealed tubes, quenched, 
and room temperature resistivity and thermo- 


impurities, annealed between 813° and 


electric power measured.°) At room temperature 
the second phase did not substantially affect the 
electrical properties of the ingot. It was found that 
small amounts of selenium and tellurium im- 
purities did not affect the electrical properties so 
that as expected they may be considered to be alloy 
impurities. The results for other impurities are 
given as room temperature thermoelectric power 
vs. weight per cent impurity added for an un- 
specified anneal temperature in the above range. 
They are in at least qualitative agreement with 


I 


equation (14) for some impurities. It was found 
that the thermoelectric power of the n-type base 
material decreased linearly as the logarithm of the 
weight per cent of Cl and I between about 1018 
and 1019 electrons/cm?. On the other hand, the 
amount of Na, K, Rb, or Ag required to make the 
original (5 x 10!’—10!8 electrons/cm? at room tem- 
perature) PbS intrinsic corresponded to 4 1019, 
4-4 1019, 1x 1029, and 1-4 1029 atoms/cm? re- 
spectively. From the work of BLOoEM 
KroGER">*) the net relative electron concentration 


and 


(equation 3) in pure PbS at the Pb-rich limit of 
stability and the intrinsic disorder ratio are re- 
spectively 7-6 and 0-05 at 800°K and 3 and 0-3 at 
1100°K. Inserting these values into equation (14) it 
is found that the net relative acceptor concentrations 
required to compensate PbS at its Pb-rich limit of 
stability are 115 at 800°K and 18 at 1100°K. 
Assuming no foreign donor impurities these 
numbers correspond to respectively 6 x 1019 and 
2 x 1019 acceptors/cm?, 

Analogous experiments have been made'®) at 
the Pb-rich limit of stability of PbSe but are not 
discussed here because of a lack of data on the 
pure compound and a failure to specify the anneal 
temperature for which the quantitative results on 
impurity addition are given. Analogous experi- 
ments have also been made at 500°C at both the 
Pb-rich and Te-rich limits of stability of PbTe.°” 
It was found that oxygen (added as 101% to 10? 
atoms/cm? of PbO or TeQOs3), selenium, and sulfur 
impurities resulted in practically the same room 
temperature carrier concentrations as obtained with 
undoped PbTe, 4:5 x 1018 holes/em*® for Te-rich 
PbTe and 7 x 10!” electrons/cm? for Pb-rich PbTe. 
These are alloying impurities as discussed in 
Section IV. With the addition of 
chlorine to PbTe at the Pb-rich limit of stability 
the room temperature electron concentration in- 
creased linearly. In the range 2 x 1018 to 20 x 1018 
atoms/cm? of Cl, the room temperature concentra- 


bismuth or 


tion of electrons is approximately equal to that of 
added Cl. Addition of chlorine to PbTe at the Te- 
rich limit of stability was said to scarcely change 
the room temperature concentrations although no 
quantitative results are given. On the other hand 
addition of silver at the Te-rich limit of stability 
increased the room temperature concentration of 
holes. The latter was approximately 0-6 of the con- 
centration of added Ag in the range 4x 10!8 to 
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20 x 1018 atoms Ag/cm*, Equation (14) would pre- 
dict that the hole concentration obtained at the 
Te-rich limit of stability at 500°C with a given 
concentration of foreign acceptors is higher than 
the electron concentration obtained at the Pb-rich 
limit of stability with the same concentration of 
foreign donors, in contrast to the experimental 
results with Cl and Ag. The discrepancy may be 
due to a preferential concentration of Ag in the 
Te-rich phase so that the concentration of added 
Ag is not the concentration of Ag in solid solution 
in PbTe. 
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APPENDIX 


Significance of energy parameters 

The symbols used here differ slightly from those used 
previously by the author,‘®!*) the change usually being 
a simplification. Moreover, a terminology that would 
imply an unnecessary restriction of the crystal model to 
crystals with purely ionic binding is avoided. No change 
in the equations describing the model are rendered 
necessary thereby. The chemical potentials of the crystal 
component are given by equations (18a) and (18b) of 
Ref. (6). In terms of the symbols used here they are 


um = RT In S/Vy+ELs—luy+U—RT In Ku 
(A.1a) 

pn = RT In S/Vy—Es—Cy+U-—RT ln Ky 
(A.1b) 


where S is the constant concentration of lattice sites in 
each sublattice; Viz and Vy are respectively the con- 
centrations of ionized M-vacancies and ionized N- 
vacancies ; Es is the Fermi level; 2U is the lattice energy 
per mole of the perfect crystal relative to the infinitely 
dispersed atoms in their lowest quantum states, 
RT In Ky; and RT In Ky are the contributions respec- 
tively of the M-atoms and the N-atoms to that part of 
the free energy of the crystal associated with lattice 
vibrations; and ¢ and {yw comprise parts of the energies 
required to create respectively M-vacancies and N- 
vacancies. It is the purpose here to replace the energies 
Lu and (wn by simpler quantities and to illustrate the 
quantities Ky, and Kn fora simple case. The meanings of 
the energies (7 and ¢y have been inaccurately described 
by the author previously.) 

The quantities Ky and Ky can be evaluated for a 
simple Einstein model of the lattice vibrations'*®) in 


BREBRICK 


which the introduction of each M-vacancy (N-vacancy) 
results in the loss of three modes of frequency vy(vy) and 
the replacement of a small number, 7, of modes of the 
an equal number of frequency 


same frequency by 
‘ . 
Vy (YN) In this case 


RT \In Ky 
RT inKy 


(A.2a) 
(A.2b) 


where F’, is the free energy per mole of a one-dimen- 
(29) 


sional harmonic oscillator of frequency v. 

The Boltzmann factor in the grand partition function 
from which equations (A.la) and (A.1b) derive is 
exp(— &/RT) where (equations 3 and 6 of Ref. 6) 


€ = Vut{lCu—U-—Ey—(347)E,, +7E,.} + 
+Vutiu—U-(34+7E,,, 
+ Vy-{ty—U+ Eq—(3-+E,, 
+Vy{Cn—U-(3+”)E,, +7rE,, 
4-nE_— pE,+S(2U+3E,,, +3E,,) 
(A.3) 


Vut+, the 
Vy-, the 


The quantities not previously defined are: 
concentration of un-ionized JM-vacancies; 
concentration of un-ionized N-vacancies; Eq, the energy 
of the acceptor level associated with each M-vacancy; 
Ea, that of the donor level associated with each N- 
vacancy; FE, and Ey», the energies of respectively the 
conduction and valence bands; and £,, the average 
energy per mole'?%) of a one-dimensional harmonic 
oscillator of frequency v. The oscillator terms are not 
present explicitly in equation (3) of Ref. (6) where the 
lattice vibrations were treated formally. They would 
follow on the basis of the above Einstein model. The 
coefficient of the concentration of lattice sites, S, in 
equation A.3 represents the energy of the crystal when 
phonons are the only point defects present. The other 
terms on the right-hand side represent the increase in 
the energy of the crystal on the introduction of the other 
point defects. By definition of the Boltzmann factor the 
energy required to create one un-ionized M-vacancy, 
Em, is given by the coefficient of V34+ in equation 
(A.3), i.e. 


Ey = (u— U-—E,—(3+7)E,,, 


More precisely, Ey is the energy per mole to remove an 
M-atom from the crystal to infinity in its lowest quantum 
state leaving an un-ionized M-vacancy in the crystal, the 
concentrations of the other point defects remaining un- 
changed except for that of the phonons which are allowed 
to reach an equilibrium distribution. 

The analogous energy required to create an un- 
ionized N-vacancy, Ey, is given by the coefficient of 
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V y- in equation (A.3), i.e. 


En = (n—U+ Fg—(347)E, +7E,, 


N 


(A.4b) 


The significance of the energy parameters is now estab- 
lished. This procedure can also be followed considering 
point defects other than the un-ionized vacancies, if it is 
remembered that the concentrations Vy, Vn, n, and p 
are coupled by a constraint of electrical neutrality 
(equation 2 of Ref. 6) and cannot be varied independ- 
ently. For example, if the concentrations of ionized 
N-vacancies and conduction band electrons are both 
increased by unity the constraint is satisfied and the 
necessary energy is given by the sum of the coefficients 
of Vy and n in equation (A.3), i.e. it is given by equation 
(A.4b) if Ea is replaced by Ee. On the basis of the above 
discussion the energy required to create an un-ionized 
N-vacancy and then to allow the donor electron to seek 
its equilibrium energy or briefly, the energy required to 
create an N-vacancy, is given by Ey +(Ey— Ea) while the 
analogous energy required to create an M-vacancy is 
given by Eu —(Eys—Ea). 

Substituting equations (A.2a) and (A.4a) into (A.1a) 
and equations (A.2b) and (A.4b) into (A.1b), the 
chemical potentials are given by 


em = RT In S/Vy+(E;—Ea)—Eu—RT In Ky, 
(A.5a) 


-N = Pe i In S Vy — (Ey- Ea)—En- RT In K\, 


(A.5b) 
where 


RT InK;, = rT(S,,,—S,z)+3TS,, (A.6) 
and S, is the entropy'?*) per mole of a one-dimensional 
harmonic oscillator of frequency v. The definition of K‘, 
follows from equation (A.6) if the subscript M is replaced 
by N. In the high temperature limit equation (A.6) 
reduces to 


RT In Ky, = RT{r \nv,,/vy,—3(In hyy,/kT— 1)}. 
(A.7) 


In the text it is found convenient to refer chemical 
potentials at each temperature to a thermodynamic 
standard state consisting of the monatomic gases MW and 
N each at one atmosphere and considered ideal. Sub- 
tracting the expression for the chemical potential 
(referred to the atoms at infinite dispersion and in their 
lowest quantum state) of an ideal monatomic gas at one 
atmosphere from equations (A.5a) and (A.5b) gives the 


desired result as: 
= RT In S, } ‘M + (Ey- Ea) = 
—Ey—RT \|n Ky-ty (A.8a) 


by 


BINARY SEMICONDUCTOR COMPOUNDS 


Ly = RTInS V y—(Ey—Fa)- 


—Ey—RT |n Ky —p (A.8b) 


Explicit expressions for the chemical potentials of the 
monatomic gases at one atmosphere, u°, and p»°, are 
given elsewhere.‘?9) Numerical values for various tem- 
peratures can be easily obtained from tabulated ‘‘free 


energy functions’’ for monatomic gases.(!9) 
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Résumé—Nous avions montré, au moyen des Rayons X, qu’il se produit une précipitation de 
lithium dans les cristaux de fluorure de lithium irradiés au moyen de neutrons thermiques. I] se 
forme d’abord des plaquettes d’épaisseur atomique puis, pour des doses de neutrons plus im- 
portantes, on observe la formation d’un lithium anormal c.f.c., orienté dans le réseau de fluorure 
de lithium, qui, par recuit, se transforme en lithium normal c.c. Ces résultats sont confrontés avec 
ceux d’une méthode complétement différente : microanalyse thermique différentielle (uA.T.D.) et 
au moyen des deux méthodes (diffraction des rayons X et nA.T.D.), on étudie les transformations par 


chauffage des amas de lithium. 


Abstract—Earlier X-ray diffraction results have shown that lithium precipitation occurs in lithium 
fluoride by radiation damage. Thin plates of atomic thickness are produced and for larger neutron 
doses, anomalous f.c.c. lithium appears in epitaxy on the lithium fluoride lattice. By heating, this 
lithium is transformed into normal, b.c.c. lithium. These results are in good agreement with those 
found by a fundamentally different method, the differential thermal micro-analysis (uD.T.A.), and 
by means of the two methods (X-ray diffraction and «D.T.A.), we study the transformations of 


lithium inclusions on heating. 


les atomes devraient étre déplacés une fois pour 
une dose de 1,5 x 10!% neutrons par cm?. 
Ces défauts sont créés d’une maniére homogene, 


Les sELS de lithium sont particulicrement adaptés 
a l’étude des défauts introduits dans un solide par 
irradiation grace a la grande section efficace de la 
réaction Li® (m, «) H® : 70 barns pour des neutrons 
d’énergie 0,025 eV et a 20°C. Cette réaction libére 
une particule « d’énergie 2,1 MeV et un noyau 
de tritium d’énergie 2,7 MeV qui dissipent leur 
ionisant, puis en déplagant les atomes, 


ce qu’on ne pourrait réaliser avec des particules « 
seules. En effet, le libre parcours moyen des 
neutrons thermiques dans le fluorure de lithium 
est environ de 2,5 mm et les échantillons irradiés 
énergie en ont la forme de lamelles d’épaisseur voisine de 
leur libre parcours moyen étant de 1/100 mm. 
Seitz) a évalué 1900 
déplacés par fission dans un cristal de fluorure de 


0,5 mm. 
D’autre part, le fluorure de lithium est un des 
seuls sels de lithium non hygroscopique qu’on 


a le nombre d’atomes 


lithium. Ce nombre est trés grand; si ¢f re- 
présente le flux intégré de neutrons par cm? de 
cristal, o la section efficace de la réaction nucléaire, 
la proportion d’atomes déplacés est alors : 

1900 

~— obt ~7 x 10-%¢t 


Si aucun autre phénoméne n’intervenait, tous 
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peut obtenir a l’état de beaux monocristaux de 
structure simple, type NaCl. Nous avons étudié 


également quelques cristaux d’hydrure de lithium, 


malheureusement ils se détériorent tres vite au 
contact de lair. 

Dans tous les cas, |’effet primaire de l’irradiation 
est d’introduire a l’intérieur du cristal des défauts 
atomes interstitiels. Le 


ponctuels : lacunes et 


probleme est de savoir comment ces défauts vont 
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3° 


se comporter, s’‘ils sont stables a la température 
ot lirradiation est faite, ou s’ils vont se détruire 
par annihilation mutuelle ou en donnant naissance 
a un autre type de défaut cristallin. 

Pour les faibles taux d’irradiation, des mesures 
de dilatation linéaire effectuées au moyen de 
jauges de contrainte par Brnper et STuRM®) 
donnent une concentration en atomes interstitiels 
correspondant 4 8600 atomes déplacés par fission. 
Ce nombre est trés grand (supérieur a celui 
calculé par Serrz); les défauts ponctuels formés 
sont donc stables a la température ambiante et 
lorsque leur concentration est faible. Les mémes 
auteurs, par des mesures comparatives de para- 
métre cristallin et de densité), ont conclu a la 
formation a l’intérieur des cristaux irradiés d’un 
nombre égal de lacunes et d’atomes interstitiels, 
c’est-a-dire de défauts de Frenkel, pour des doses 
de neutrons inférieures 4 6x 1016 neutrons par 
cm?, 

Enfin, Perio et al.) ont montré que lorsque 
la dose de neutrons varie de 1016 a 10! neutrons 
par cm?, l’augmentation relative de paramétre 
cristallin passe par un maximum pour un flux 
intégré de 3x10!7 neutrons par cm?, ce qui 
correspond a une saturation de la concentration 
en atomes interstitiels, la concentration maximum 
étant de l’ordre de 4 pour mille. Ces résultats ont 
été confirmés par les mesures de WILLIS et SMALL- 
MAN”), 

Pour des doses de neutrons importantes, il était 
raisonnable de penser que si la température 
dirradiation était suffisante, les différents défauts 
ponctuels formés allaient se rassembler pour 
donner naissance a des défauts plus gros sur 
lesquels il y a peu de renseignements théoriques. 
On a donc cherché a obtenir des données ex- 
périmentales dans ce domaine. 

Un travail effectué au moyen des Rayons X par 
LAMBERT) a permis de détecter la présence dans 
les cristaux irradiés de plusieurs types de “gros 
défauts” correspondant a l’apparition de taches 
de diffusion et de diffraction supplémentaires sur 
les diagrammes. On peut distinguer deux sortes 
de “‘gros défauts’’: d’une part des cavités n’ayant 
aucune orientation privilégiée et dont la taille 
varie entre quelques A et quelques centaines 
d’A; d’autre part des rassemblements d’atomes 
de lithium dont l’orientation est bien définie dans 
le cristal qui les renferme. 


L’ objet de cet article est uniquement |’etude de 
la formation et des transformations des amas de 
lithium créés par irradiation; nous ne ferons que 
rappeler les résultats donnés par les Rayons X 
et nous les confronterons avec ceux donnés par 
une méthode complétement différente : la micro- 
analyse thermique différentielle. 


1. CLASSIFICATION DES DIFFERENTS TYPES 
DE STRUCTURE DES RASSEMBLEMENTS DE 
LITHIUM, FORMES PAR IRRADIATION 

Les atomes interstitiels de lithium ne restent 
pas isolés dans le cristal mais se rassemblent en 
donnant des types différents d’amas, dont la taille 
et la structure varient 4 la fois en fonction du 
flux intégré de neutrons et de la température a 
laquelle l’echantillon a été porté pendant et apres 
l’irradiation. 

Les Rayons X ont permis de décrire les différents 
types d’amas de lithium susceptibles d’étre 
rencontrés dans les cristaux irradiés‘8) et de 
déterminer dans quelles conditions ils apparaissent. 

Nous allons rappeler ces résultats mais sans les 
justifier : nous ne reporterons pas ici les calculs 
de diffraction, exposés dans le mémoire cité 
ci-dessus, ®) qui permettent de préciser la nature 
et la structure des amas et donnent, par comparai- 
son avec les résultats des mesures quantitatives, 
un ordre de grandeur de la concentration en 
défauts des échantillons étudiés. 


1.1 Description des différents types d’amas de lithium 

1.1.1 Plaquettes de lithium. Les plaquettes consti- 
tuent des défauts “‘plans’’ dans le réseau du fluorure 
1, 2 ou méme 3 plans (200) successifs 


“ 


de lithium : 
du fluorure de lithium sont remplacés par des 
plans de lithium. Le diametre de l’atome neutre 
de lithium est de 3 A, alors que la distance des 
plans (200) du fluorure est de 2,01 A, cette in- 
sertion de plans de lithium correspond a un écarte- 
ment local des plans du fluorure sans que le 
reste du cristal soit sérieusement perturbé. 
L’épaisseur de ces plaquettes de lithium varie 
entre 3A et une dizaine d’A. Leur étendue, 
parallélement aux plans (200) de LiF, est de 
quelques milliers d’A?. 


1.1.2 Lithium c.f.c. A Vintérieur du réseau du 
fluorure de lithium, le lithium précipite sous une 
forme anormale, c.f.c., de paramétre 4,30 A et 
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en épitaxie avec le fluorure de lithium : les axes 
[100] du lithium c.f.c. et du fluorure sont 
confondus. L’empilement des plans (111) de ce 
lithium n’est du reste pas parfait et présente 
certaines irrégularités. 

Une forme de lithium analogue, c.f.c., de 
paramétre 4,40 A, avait déja été observée par 
BarRETT") lorsque des cristaux de lithium c.c. 
étaient comprimés a basse température. Le lithium 
c.f.c. formé était en épitaxie avec le lithium c.c. 
et BARRETT a déterminé |’orientation relative des 
deux formes de lithium. Nous reviendrons sur 
ce point au paragraphe 1.1.3. 

Le paramétre du lithium c.f.c. apparu par 
irradiation est inférieur 4 celui donné par BARRETT, 
mais les conditions sont ici tres différentes : les 
cristaux de lithium sont comprimés dans le réseau 
de fluorure de lithium de paramétre inférieur : 


4,02 A. 


(410) Li 


Mio Li 


[496K (Li) 
(211] LiF 


4,94 (LiF) 





(111) LiF 


Epitaxie du lithium c.c. dans le fluorure de 
: orientation relative d’un plan (110) de lithium et 
(111) de fluorure de lithium. 


Fic. 1. 
lithium 


1.1.3 Lithium c.c. Nous verrons que ce lithium 
c.c. n’apparait pas directement par irradiation, 
mais provient du changement de phase du lithium 
c.f.c. Les cristaux de ce lithium normal sont en 
épitaxie dans le réseau du fluorure et nous avons 
vérifié a la précision de 1° la relation établie par 
NisHIYAMA dans le cas de la transformation 
martensitique du fer y en fer «0 


( (110) Li // (111) LiF 
| <110) Li // (211) LiF 


Il est a noter que cette relation d’épitaxie 
lithium c.c., fluorure de lithium est également 
une relation d’épitaxie entre lithium c.c. et lithium 
c.f.c. au sein du fluorure de lithium. Elle differe de 
la relation établie par Barrett dans le cas de la 
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transformation, 4 basse température, de lithium 
normal en lithium c.f.c. : 


(110) c.c. // (111) c.f.c. 
<110> c.c. formant un angle de 3 
cis. 


avec 


| 111 


Ce n’est guere surprenant car les inclusions de 
lithium ne peuvent se comporter comme le métal 
libre. Elles sont soumises aux contraintes exercées 
par le réseau environnant. 


1.1.4 Sels de lithium. Pour des doses de neutrons 
tres importantes, en dehors de l’apparition des 
“gros défauts”’, il apparait dans les cristaux des 
fissures qui laissent pénétrer les gaz atmo- 
sphériques; il se forme alors des composés du 
lithium : lithine, carbonate de lithium, toujours 


en épitaxie dans le réseau du fluorure. 


1.2 Conditions d’apparition et évolution de ces 
précipités de lithium en fonction de la dose de 
neutrons et du recutt. 

1.2.1 Plaquettes. On observe leur formation a 
partir d’une dose de neutrons de 3 x 10!" neutrons 
par cm?. 

Lorsque le flux intégré croit, les plaquettes 
s’épaississent, leur nombre augmente, mais leur 
surface reste voisine de 2.500 A®. Par contre, 
celle-ci augmente lorsqu’on recuit un cristal 
irradié (elle atteint 25.000 A? par chauffage a 
450°C); les plaquettes s’étendent alors dans toutes 
les directions, soit par diffusion d’atomes inter- 
stitiels isolés présents dans le cristal, soit 4 partir 
d’atomes appartenant a d’autres plaquettes. Ceci 
ne se produit qu’a partir d’une température voisine 
de 200°C, c’est-a-dire supérieure a la température 
de fusion du lithium métallique, lorsque la vitesse 
de diffusion des atomes de lithium est plus grande. 
En chauffant 100 heures a 250°C ou 100 minutes 
a 450°C, un cristal soumis au bombardement de 
4x 1017 neutrons par cm?, on a fait disparaitre 
complétement les plaquettes, vraisemblablement 
par suite de leur transformation en cristallites 
plus gros. 

Du point de vue quantitatif, nous avons pu 
évaluer a environ 5 pour mille la concentration en 
volume des plaquettes de lithium dans un cristal 
ayant recu 5x10!8 neutrons par cm® et non 
recuit. 
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1.2.2 Lithium c.f.c. On n’observe la précipitation 
de ce lithium que pour des doses de neutrons 
supérieures a 5 x 1018 neutrons par cm?. 

Les cristaux ont une taille au moins égale 2 
quelques centaines d’A et leur concentration en 
volume est de quelques pour cent dans un cristal 
ayant recu 6 x 10!8 neutrons par cm?. 

Lorsqu’on ’échantillon a 200°C, ce 
lithium fond et apres refroidissement on constate 


porte 


la formation de lithium normal c.c. 
Une étude plus deétaillée du changement de 


phase Li c.f.c., Li c.c. sera présentée plus loin. 


1.2.3 Lithium c.c. Ce lithium provient donc du 
lithium c.f.c produit par irradiation; les cristaux 
sont plus gros que ceux de Li c.f.c., leur taille est 
supérieure a 1.000 A. et augmente au cours du 
recuit des échantillons a des températures supé- 
rieures a 200°C. 


2. ETUDE PAR MICROANALYSE THERMIQUE 
DIFFERENTIELLE (j£A.T.D.) 
2.1 Principe et performances de la méthode. 

Le principe de l’analyse thermique différentielle 
(A.T.D.) est bien connu, mais la méthode employée 
ici est originale“! en ce sens qu’on utilise de 
tres faibles quantités de substance (de 1 a 100 
dimension 


microgrammes). L’échantillon de 


1 } . : 7S we > 
fo a de mm, est depose a l’interieut 


d’une fine soudure thermoelectrique en forme de 


moyenne: 4 
microcreuset. Cette soudure est montée en opposi- 
tion avec une soudure identique extremement 
voisine, et l’ensemble indique la “température 
differentielle” grace a un dispositif enregistreur a 
la fois sensible et a faible temps de résonse. I] n’est 
pas besoin de “corps de référence’. Une troisieme 


soudure indique la température ‘‘absolue’’. Les 
trois tétes de couples sont au coeur d’une enceinte 
métallique de dimension trés réduite. 
thermique 


La  microanalyse différentielle 


1A.T.D.) présente les avantages suivants : 
I ; 


(1) Un excellent pouvoir de résolution d’effets 
thermiques rapprochés dans l’échelle des tem- 
peratures. Des phénomenes a cinétique rapide se 
produisant a des températures voisines de quel- 
ques centiemes de degré donnent des signaux 
parfaitement distincts sur les enregistrements. 
En somme, le dispositif présente un veritable 
caractere oscillographique avec une constante de 
temps de l’ordre de la } seconde. 
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(2) Une forte sensibilité. Sur nos diagrammes, 
30cm en ordonnée représentent 1°C de tem- 
perature différentielle. Dans ces conditions, on 
peut encore déceler la transformation « = f de 
la tridymite (soit 1 cal/g) sur un échantillon de 
masse 1 pg. 

(3) Une bonne précision dans la détermination 
des températures des transformations (voir ci- 
dessous par exemple : la température de fusion 
du lithium est trouvée a 180,5°C en excellent 
accord avec les données récentes). 


2.2 Etude des amas de lithium dans les monocristaux 
de fluorure de lithium irradiés. 

2.2.1 Plaquettes. Nous avons essayé la technique 
de microanalyse thermique pour voir si les 
plaquettes de lithium ne donneraient pas lieu a 
un phénomeéne endothermique analogue a une 
Ces toujours apporté une 
négative, soit parce que la méthode 
mettre un tel 


fusion. essais ont 
réponse 
n’est assez sensible 
phénoméne en évidence, soit parce qu’il est 
impropre de parler de fusion dans le cas d’un 


Nous indiquons 


pas pour 


métal a “deux dimensions’’. 
néanmoins ces résultats (négatifs) pour servir de 
comparaison avec ceux obtenus dans le cas de 
cristaux plus fortement irradiés. 

Quant a la disparition des plaquettes par recuit, 


qui s’accompagne en principe d’une manifestation 


thermique, sa cinétique est certainement trop 
lente pour étre saisie par la méthode. 


2.2.2 Lithium métallique. Un premier chauffage, 
jusqu’a 220°C environ, d’un fragment de mono- 
cristal de fluorure de lithium irradié (6x 1018 
neutrons/cm?) donne le tracé 1 (Fig. 2). Le re- 
froidissement consécutif donne le tracé 2. Un 
nouveau cycle thermique identique donne les 
tracés 3 et 4, qu’on retrouve ensuite sans change- 
ment, si l’on réalise encore d’autres cycles sem- 
blables. 

Nous interprétons les deux effets endother- 
miques Aj, et B; (tracé 1) comme les fusions respec- 
tives de deux formes distinctes du lithium métal- 
lique inclus dans le cristal de fluorure de lithium 
irradié. En effet, aprés un chauffage au-dela de 
200°C et refroidissement, les rayons X montrent 
la présence de lithium normal c.c. dans le réseau; 
le tracé 3 (A.T.D.) est relatif 4 de tels échantillons : 
la situation du signal A», entre 170 et 180°C, ne 
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laisse pas de doute sur sa signification : c’est le 
signal de fusion de ce lithium cubique centré. Or 
dans le tracé 1 la situation du signal Aj est exacte- 
ment la méme; il doit donc s’agir aussi de la 
fusion d’un peu de lithium présent sous la forme 
C£, 

Quant a Bj, ce signal n’apparait qu’a un premier 
chauffage : Nous l’attribuons a la fusion des 





Temperature Differentielle 


As B. 


Vn 
As 


Fic. 2. wA.T.D. d’un fragment (m 


(6 x 1018 neutrons/cm?) (1) premier chauffage, vitesse ‘“‘standard’’, 
deuxiéme 
(5) et (6) chauffage de deux moitiés d’un 


froidissement consécutif, (3) 


consécutif, 


ae 
(6) , Ar 
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présence de Aj, c’est-a-dire de lithium sous forme 
normale, s’explique trés bien par une transforma- 
tion partielle de la phase c.f.c., au cours du 
chauffage, avant la fusion. Nous avons d’ailleurs 
essayé de mieux saisir cette transformation et 
nous verrons (§3) que les études effectuces 
parallélement aux rayons X et avec la micro 
A.T.D., aboutissement aux mémes conclusions. 


170° 180° 190° 200° 
! 


“4 (7) 


45 wg) de fluorure de lithium irradié 


(2) re- 
refroidissement 
échantillon 


(4) 


méme 


chauffage, 


respectivement sans traitement préalable et avec traitement préalable 4 160°, 
(7) chauffage rapide. 


particules ge lithium cubique a faces centrées, 
dont les rayons X ont montré la présence apres 
Virradiation aux neutrons et la disparition irré- 
versible par chauffage a 200°C. L’A.T.D. indique 
donc comme point de fusion de cette forme 
anormale, une température supérieure d’une 
dizaine de degrés a celle de la forme habituelle. 
Ce résultat peut paraitre inattendu; il convient 
néanmoins de ne pas perdre de vue les circon- 
tances tres particulieres dans lesquelles cette 
forme compacte, inhabituelle, de lithium s’est 
formée. En particulier, nous ignorons la pression 
a laquelle sont soumises, dans le réseau de fluorure 
de lithium, les particules de lithium c.f.c. La 


Enfin, l’examen des tracés 1, 5, 7, obtenus lors 
d’un premier chauffage, révéle aussi un effet 
supplémentaire (Cj, exothermique, 
190°C. Un traitement thermique préalable, a 
température inférieure a 160°, entre autres con- 


au-dela de 


séquences, supprime cet effet; celui-ci est au 
contraire plus important dans le cas d’un chauffage 
rapide. Nous pensons qu’il pourrait traduire une 
recombinaison entre du fluor libre, présent dans 
des cavités, et du lithium voisin, venant au contact 
du fait de sa fusion. Le phénomene “‘neutraliserait”’ 
du premier coup la majeure partie du lithium 
(ou du fluor) susceptible d’une telle rencontre. En 
tous cas, par la suite, l’effet ne se manifeste plus. 
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3. ETUDE PAR RAYONS X ET BPA.T.D. DU 
CHANGEMENT DE PHASE DU LITHIUM 
PRECIPITE DANS LE FLUORURE DE LITHIUM 

On constate, au cours des analyses thermiques, 
que l’importance relative des effets Aj et By dépend 
de la conduite du chauffage (Fig. 2): Les tracés 
5 et 6 sont relatifs respectivement aux deux 
moitiés d’un méme échantillon initial. La premiere 
moitié, au cours d’un chauffage “standard’’,* 
donne le tracé 5; la deuxieme est préalablement 
traitée pendant une heure a 160°C environ, puis 
refroidie; elle subit alors le méme chauffage que 
la premiere et donne le tracé 6. On constate enfin 
que si le premier chauffage est tres rapide, sur un 
autre échantillon, le signal B; est accentué (tracé 
7). On conclut traitement thermique 
favorise la transformation Li c.f.c. > Li c.c., ce 


qu’un 


qui est en parfait accord avec l’expérience suivante 
réalisée au moyen des rayons X : 

Un premier diagramme (Fig. 3A) est obtenu a 
température ordinaire et montre au voisinage de 
la réflexion 111 de fluorure de lithium la tache 
correspondant a la réflexion 111 de lithium c.f.c. 

Le cristal est chauffé lentement jusqu’a une 
température légerement inférieure a la tempéra- 
ture de fusion du lithium métallique ordinaire; un 
diagramme effectué a cette température (Fig. 3B) 
fait apparaitre trois taches de diffraction supplé- 
mentaires (l’une est presque confondue avec la 
tache 111 de lithium c.f.c.) : elles traduisent la 
présence de lithium c.c. dans le réseau de fluorure. 
Lorsqu’on continue a chauffer l’échantillon, le 
lithium fond d’abord, et le diagramme 
correspondant (Fig. 3C) ne montre plus que la 
tache due au lithium c.f.c., qui disparait elle- 
méme lorsque la température du cristal est encore 
élevée (Fig. 3D). 

On verifie de plus, qualitativement, que la 


C.C, 


durée du traitement thermique et une élévation 
de sa température favorisent la formation de 
jamais 


lithium c.c. Toutefois, nous n’avons 
observé, méme aprés un chauffage de plusieurs 
heures a 160°C, la transformation complete du 
lithium c.f.c. en lithium c.c, 

I] semble donc que certains domaines de lithium 
c.f.c. gardent leur structure jusqu’a la fusion, Cette 





* Pour faciliter la comparaison de signaux obtenus 
au cours d’analyses différentes, on est amené a normaliser 
les vitesses de chauffage. La vitesse que nous appelons 
ici ‘‘standard”’ est voisine de 15°C/min. 


M. LAMBERT, Ch. MAZIERES et A. GUINIER 


stabilité pourrait étre en rapport avec leur taille, 
leur degré de perfectionnement ou leur situation 
privilégi¢e dans un cristal présentant de nom- 
breuses autres imperfections. 


4. EVOLUTION DES PARTICULES DE LITHIUM 
c.c. SOUS L’INFLUENCE D’UN TRAITEMENT 
THERMIQUE ENTRE 200 et 700°C 

Cette étude concerne encore des échantillons 
irradiés 4 la dose de 6 x 1018 neutrons/cm2, dans 
lesquels une fusion préalable du lithium n’a 
laissé subsister au refroidissement que la phase 
c.c. Nous avons observé a l’analyse thermique, a 


170° = 180° 


(8) 


180 181 182 





a 


Fic. 4. Fusion d’une de parcelle lithium (m = 3 yg): 
(8) chauffage standard, (9) chauffage lent. 


la suite de différents traitements, des modifications 
importantes et parfaitement reproductibles con- 
cernant le profil des signaux de fusion—cristallisa- 
tion du lithium métallique. 

Indiquons d’abord, comme terme de référence, 
la forme des signaux obtenus a la fusion—en 
atmosphere inerte—d’échantillons de lithium 
ordinaire (masse de 1 a quelques yg). Le tracé 8 
(Fig. 4) est obtenu a la vitesse de chauffe 
“standard”’ utilisée par la suite. On vérifie sur ce 
type de tracés une bonne proportionnalité entre 
l’aire du signal et la masse de |’échantillon; cette 
circonstance nous permettra ultérieurement une 
évaluation quantitative du lithium métallique 
précipité dans le fluorure de lithium. Le tracé 9 
est obtenu avec un chauffage beaucoup plus lent; 
pour des raisons expérimentales faciles a analyser, 
la largeur du signal est alors réduite et sa situation 





Fic. 3. Diagrammes de rayons X montrant la tache de réflexion 111 du fluorure de lithium 
voisinage immédiat : 


B C D 


A—aprés irradiation et avant tout recuit : tache de réflexion 111 du lithium c.f.c. 

B—au cours du chauffage a une température légérement inférieure a la température de fusion du 
lithium c.c. : les trois taches supplémentaires sont dies au lithium c.c. 

C—la température est légerement supérieure a la température de fusion du lithium c.c. : la 

tache die au lithium c.f.c. subsiste. 


D—a 200°C, toutes les taches autres que celle donnée par le fluorure de lithium ont disparu. 
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dans l’échelle des températures est plus correcte : 
elle est ici en excellent accord avec les données 
récentes sur le point de fusion du lithium, 
Ty = 180,5°C, 2) 

Comparons maintenant le tracé 8 (lithium 
ordinaire) au tracé 10 (Fig. 5), relatif aun 


180° 


| 


Fic. 5. Influence d’un traitement thermique préalable 

sur le profil des tracés du fusion : A gauche de chaque 

courbe, la température maximale atteinte au cours du 
chauffage précédant la »A.T.D. 


échantillon de fluorure de lithium irradié qui a 
d’abord été porté une fois 4 210°C. Les conditions 
expérimentales sont les mémes; or, si les deux 
signaux de fusion se terminent tous deux par un 
front raide et a la méme température (180° de 
notre repérage), on voit que celui du lithium 
dans le fluorure de lithium est anormalement 
large. 
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On fait alors subir a l’échantillon un cycle de 
chauffage et refroidisement avec maximum a 
330°C. Le nouveau signal de fusion est modifié 
(tracé 11). Cette modification s’accuse a la suite 
de cycles thermiques successifs 4 température 
maximale de plus en plus élevée (tracés 12 et 13). 
Enfin, lorsque l’échantillon a été porté a 700°C 
au moins, et alors seulement, le signal de fusion 
(tracé 14) coincide parfaitement avec celui du 
lithium métallique ordinaire. 

La largeur du signal 10, indiquant une fusion 
débutant 6 a 7° plus bas, doit donc avoir une si- 
gnification physique. Nous pensons que cette 
largeur correspond a une répartition continue, 
en taille et en degrés de perfection cristalline, des 
grains de lithium. 

D’une part, en effet, les surfaces spécifiques de 
ces particules doivent étre considérables; d’autre 
part, 4 une organisation cristalline imparfaite 
doit correspondre un point de fusion mal deéfini. 
On est tenté de faire un rapprochement avec les 
expériences de Patrick et TEMPER !®) et BATCHELOR 
et Forster™4), qui ont trouvé des abaissements 
importants du point de fusion pour des substances 
adsorbées sur du silicagel. Rappelons aussi que 
CHALMERS"!5), puis CHAUDRON et al. 16) ont montré 
sur des échantillons d’étain et d’aluminium que 
les joints de grains fondaient 4 une température 
légérement inférieure 4 celle de la fusion des 
grains eux-mémes. 

De plus, deux diagrammes de rayons X effectués 
apres chauffage de |’échantillon a 250 et 500°C, 
ne montrent aucune différence de structure, ni 
d’orientation du lithium c.c., mais une augmenta- 
tion de la taille moyenne des grains. 

Le traitement thermique a sans doute pour 


effet de perfectionner les amas de lithium et, aussi, 
Le mécanisme 


d’accroitre la taille de certains. 
correspondant a cette derniere hypothese resterait 
d’ailleurs a éclaircir. Si, en effet, des expériences 
classiques montrent divers phénoménes ot de 
petites particules viennent nourrir des plus grosses, 
il y a toujours entre les deux types de particules, 
un milieu, dont le réle est essentiel a la com- 
prehension du phénoméne. La situation est 
beaucoup moins claire dans notre cas. Néanmoins, 
l’apparition du signal fin et long (a) (Fig. 5) 
correspond certainement a la présence de ‘“‘bons”’ 
cristallites de lithium. Quant au signal plus 
diffus (b), des amas d’un autre type en sont sans 
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doute responsables: on peut les imaginer plus 
petits, isolés, éloignés des centres de ‘“‘coalescence”’ 
ou bien situés dans le réseau de fluorure de lithium 
de fagon peu favorable a une diffusion. 

Les tracés 12 bis de la Fig. 6 (fusion et cristallisa- 
tion) sont relatifs 4 un échantillon préalablement 
porté a 500°, analogue donc 4a celui du tracé 12, 
mais de trés petite masse (8 xg). On y voit, de ce 
fait, avec une grande netteté, la distribution du 
lithium en deux catégories de “grains”. Notons 
que ce tracé peut étre reproduit aussi souvent 
que l’on veut avec l’échantillon considéré; il en est 
en quelque sorte caractéristique et, pour le modifier 


180° 
a 


170° 180° 170° 


b 
(12 bis) 


(12 bis) Tracés de fusion et cristallisation d’un 
fluorure de lithium 


Fic. 6 
petit fragment (8 yg) de 


préalablement porté a 550°. 


tres 


en accroissant le signal (a) aux dépens de (b), il 
est indispensable de porter |’échantillon a une 
température supérieure a 500° : Ceci montre que 
la répartition des amas en deux types est sous la 
dépendance étroite de la température atteinte. 

En deéfinitive, il est certain qu’aprés chauffage 
a 700°, on a, dans le cristal de fluorure de lithium, 
du lithium métallique, dont le signal de fusion 
est rigoureusement identique 4a dun 
échantillon de lithium banal : Ceci autorise une 
évaluation quantitative grace a l’aire des signaux; 
on peut estimer que 5 a 6 pour cent du lithium 
ionique initial a été précipité sous forme métallique. 
C’est bien l’ordre de grandeur que donnent les 
rayons X sur des echantillons de meme origine. 

Il est 4 noter que ce lithium métallique doit 
étre dans un état de tres grande pureté et ex- 
ceptionnellement bien protégé. Citons a cet égard 
l’expérience suivante : On dispose céte a céte dans 
le porte-échantillon un fragment de fluorure de 
lithium traité a 700°C, et un tres petit morceau 
de lithium ordinaire. Dans ces conditions, on 
obtient (Fig. 7) un signal de fusion unique (tracé 
15); par contre, au refroidissement, le signal de 


celui 
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cristallisation est dédoublé (tracé 16) et le pic 
occupant la place correcte (178-180° de notre 
repérage) correspond au lithium inclus dans le 
fluorure de lithium : il est fort probable que la 
lithium ordinaire est souillé d’impuretés, alors 
qu’il n’en est rien pour le lithium inclus. 


170° 180° 


(16) 


Fic. 7. (15) Fusion et (16) Cristallisation d’un ensemble, 
fragment de fluorure de lithium irradié et parcelle de 
lithium métallique. 


5. CONCLUSION 

L’irradiation des cristaux de fluorure de lithium 
constitue donc un excellent procédé pour obtenir 
des particules de lithium métallique d’une ex- 
ceptionnelle pureté car elles sont parfaitement 
isolées de l’air atmosphérique tant que la dose de 
neutrons n’est pas trop grande. Nous devons, du 
reste, a l’équipe d’ ABRAGAM®?) un intéressant 
renseignement sur la taille des particules de 
lithium, apres traitement 4 700°: la forme des 
signaux de résonance magnétique permet de con- 
clure 4 des dimensions de |’ordre du micron. Ce 
résultat confirme notre hypothese d’un accroisse- 
ment de la taille des grains par le traitement 
thermique, accroissement dont le mécanisme 
reste a préciser. 

Il restait 4 savoir si la précipitation de lithium 
dans le fluorure delithium était un effet exceptionnel 
ou si nous pouvions retrouver cet effet dans 
d’autres sels de lithium. Nous avons également 
observé la précipitation de lithium métallique dans 
des cristaux d’hydrure de lithium, irradiés sous 
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vide, et ayant recu 2x 1018 neutrons par cm”. 
On constate par rayons X la précipitation de 
lithium métallique mais directement sous sa 
forme normale, l’orientation des grains par rapport 
au cristal d’hydrure étant sensiblement la méme 
que dans le cas du fluorure. Les tracés de micro- 
analyse thermique différentielle ne font apparaitre 
également qu'une seule transformation : fusion ou 
cristallisation du lithium c.c. I] est a noter que 
contrairement aux échantillons de fluorure de 
lithium, les cristaux d’hydrure, altérables a l’air, 
ont été irradiés sous vide et la température 
d’irradiation a pu dépasser la température de fusion 
du lithium, empéchant celui-ci d’apparaitre sous 
la forme c.f.c. L’hydrure de lithium étant c.f.c. 
mais de parametre légérement différent de celui du 
fluorure, il se peut également que la précipitation 
de lithium c.f.c. dans le réseau de l’hydrure ne 
soit pas possible. 

Dans les deux cas, fluorure et hydrure, la pré- 
cipitation de lithium s’accompagne d’un depart 


de gaz: fluor ou hydrogéne; nous avons observé 


le départ de 1,6 pour cent de l’hydrogene con- 
stituant l’hydrure, 8) proportion un peu inférieure 
a celle du lithium précipité, trouvée par analyse 
thermique différentielle, mais il est vraisemblable 


qu’un volume non négligeable d’hydrogéne reste 
inclus dans les cristaux et ne s’échappe que 
difficilement. 

La précipitation de métal dans un sel métallique 
irradié ne semble pas étre un phénomeéne ex- 
ceptionnel; elle doit cependant étre conditionnée 
par un grand nombre de facteurs : 


(1) Le nombre d’atomes interstitiels et de lacunes 
produits aprés une durée d’irradiation raisonnable 
doit étre suffisamment grand; ceci limite sérieu- 
sement le nombre des composés oti le phénomene 
puisse étre observe. 

(2) La taille et le coefficient de diffusion des 
ions constituants et des atomes neutres correspon- 
dants. 

Donnons par exemple un ordre de grandeur du 
rayon des ions Li*, F-, H- 


0,60 A 
1,36A 


2,08 A 


Lit 
| ae 
H- 
plus petit, par 


L’ion Lit est de beaucoup le 
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contre les atomes neutres de fluor et d’hydrogéne 
sont beaucoup plus petits que l’atome neutre de 
lithium : 


Li 1,56A 
F 0,67A 


H O5 A 


Le lithium ne peut donc diffuser que sous la 
forme d’ions Li*; les atomes neutres ne sont pas 
mobiles, ce qui explique la formation des plaquettes 
de lithium. Par contre, les atomes neutres de fluor 
ou d’hydrogéene peuvent se déplacer facilement 
dans le réseau et s’associer pour donner du gaz : 
fluor ou hydrogéne qui du cristal en 
s’échappant vers l’extérieur et en remplissant les 


sort 


cavités formées par irradiation. 

‘ Ri oe 

(3) Le coefficient de recombinaison fluor 
lithium ou hydrogene-lithium quelque soit leur 
forme : atomes neutres ions individuels, 
agrégats d’atomes ou de lacunes, amas et cavités. 


ou 


De toutes facons, la formation des précipités 
métalliques correspond a la coexistence dans les 
cristaux étudiés de lithium métallique d’une part, 
de fluor ou d’hydrogéne libre d’autre part. Ceci 
semblerait invraisemblable en chimie classique 
mais est lié au mécanisme atomique de précipita- 
tion du métal et d’élimination du halogene. 
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Abstract.—In a previous publication the authors presented a theory of the effects of carrier—carrier 
scattering on mobility in semiconductors. In this paper we discuss the specific application of the 
theory to germanium in the temperature and impurity concentration ranges where measurements 
of the minority carrier mobility have recently been performed. This is a necessary preliminary to the 
main part of the paper which is a comparison between the theoretically predicted and experimentally 
observed minority carrier mobility in the region where, previously, discrepancies of the order of a 
factor of two existed. By the incorporation of electron-hole scattering, theory and experiment are 
brought into agreement (to within 10 to 20 per cent) for a large range of impurity concentrations, 
demonstrating the importance of electron-hole scattering on the minority carrier mobility. 


1. INTRODUCTION 

RECENTLY, measurements of the minority carrier 
mobility in germanium have been extended into 
the temperature range between 20°K and 100°K 
on several n- and p-type crystals”) (hereafter this 
reference is referred to as I). Within this range, the 
observed minority carrier mobility was significantly 
less (by a factor of about two) than the mobility 
predicted from defect scattering, i.e. scattering 
by phonons and neutral and ionized impurities, 
although the observed conductivity could be 
predicted fairly well. It was suggested that the 
difference was due to electron-hole scattering, 
the large magnitude of this scattering arising 
primarily from the drag effect created by the 
difference of drift velocities of the two types of 
carriers. 

The authors have presented a theory of the 
effects of carrier-carrier scattering on mobility 
in non-degenerate semiconductors) (hereafter 
this reference is referred to as II). It was found 
that, in general, electron-electron (e-e) and hole 
hole (h-h) scattering had only a small effect on 
the majority carrier mobility while (e—h) scattering 
had a large effect on the minority carrier mobility. 
In particular, it was found, using a crude descrip- 
tion of defect scattering, that the inclusion of 
(e-h) scattering in the calculation of the minority 
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carrier mobility lowers it to about the right value 
and gives it the correct sort of temperature de- 
pendence to account for the experimental observa- 
tions in germanium. 

The main purpose of this paper is to demonstrate 
that by the inclusion of (e-h) scattering the ex- 
perimental values of minority carrier mobility 
can be accounted for satisfactorily. ‘To do this 
we shall make a detailed comparison between 
theory and the experimental observations. This 
will be preceded, in Section 2, by a discussion of 
the application of the theory to germanium in 
which we shall consider the validity of the as- 
sumptions and approximations which are made, 
while bearing in mind the temperature and con- 
centration ranges of the experimental observations. 
We shall see that the theory cannot be rigorously 
applied to germanium, and it becomes a sub- 
sidiary objective to demonstrate that, nevertheless, 
the theory gives an adequate description of mobility 
in germanium. In Section 3 the terms representing 
the various scattering processes are evaluated. 
Section 4 presents the comparison between the 
theory and the experimental results. We find that 
all the experimental results can be fitted to within 
10 to 20 per cent, and we regard this, together 
with the values found for certain variable para- 
meters, as a demonstration of the importance of 
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(e-h) scattering in determining the minority 
carrier mobility at low temperatures. 

We shall assume familiarity with I and II in 
the subsequent sections of this paper. 


2. DISCUSSION OF THE JUSTIFIABILITY OF 

APPLYING THE THEORY OF CARRIER-CARRIER 

SCATTERING TO THE ANALYSIS OF THE 
MINORITY CARRIER MOBILITY IN 


GERMANIUM 

Before making a detailed estimate of the effects 
of carrier—carrier scattering on mobility in a 
particular substance it is necessary to consider the 
assumptions which have been introduced into the 
theory. In this section we shall discuss such 
assumptions in the light of the ranges of impurity 
which we 


concentration and over 


wish to apply the theory to germanium. Then we 


temperature 


shall state our attitude to those aspects of the 


physical situation which the theory cannot 
rigorously describe. 
The points in the theory that we wish to discuss 
are: 
(a) it is based on the Boltzmann transport 
equation, 

(b) it employs non-degenerate statistics, 

(c) each free carrier is characterized by a single 
isotropic effective mass and an isotropic 
relaxation time, 

(d) the Rutherford scattering cross-section is 
used to describe encounters between 

charged particles, and 

optical not 


(e) scattering by phonons is 


rigorously included. 

These will now be discussed in turn, bearing 
in mind the ranges of temperature and free carrier 
concentration used in the experiments, (denoted 
by lines in Fig. 1) and that the major effects due to 
(e-h) scattering occur between 20°K to 100°K. 

(a) In paper II it was shown that the Boltzmann 


j 


equation provides a good description of carrier 


carrier scattering if the condition 


1/2 
6°9 (1) 


nl/6 


An! 3 


is fulfilled. Here 7 is the temperature (“K) and n 
is the concentration (cm~*) of the free carriers, « 
is the dielectric constant of the medium and AJ is 
the Debye screening length. Essentially the condi- 
tion we are trying to establish is that the collisions 
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between free carriers be predominantly binary. 
This condition cannot be well defined since the 
distance between free carriers is random and the 
very use of the word predominate—to require all 
scattering processes to be binary encounters would 
be an unnecessarily severe restriction—implies 
that the condition is to some extent arbitrary. 
Furthermore, a more relevant condition is that 
binary encounters should predominate when all 
scattering processes are taken into account. 
Therefore the area to the left of the line An1/* =}, 
shown in Fig. 1, is intended to be merely an in- 
dication of the temperatures and concentrations 
for which the scattering processes are expected to 
be predominantly binary. This condition excludes 
a large portion of the experimental results, but 
these are in a region where coulomb scattering is 
unimportant. As a crude criterion to establish the 
region where coulomb interactions are important 
we put pz/u; > 0-1 where py and py are the 
lattice and ionized impurity mobility respectively 
(Section 3). This region is the area to the left of 
the line yz/uz7 = 0-1 shown in Fig. 1; we are en- 
couraged that this region falls within the region 
where (1) is fulfilled. 

(b) The replacement of the Fermi—Dirac dis- 
tribution function by the Boltzmann distribution 
function is an excellent approximation for the 
majority of specimens. Even in the most un- 
favourable case—the most impure specimen 
the difference between the functions is less than 
3 per cent. 

(c) It is well known that the band structure of 
germanium is complicated. Electrons populate four 
equivalent minima in Rk space, the constant-energy 
surfaces of which are ellipsoids of revolution. ‘The 
ratio of the effective masses parallel and per- 
pendicular to the axis of revolution is m,/m, = 
20.) A consequence of this anisotropy is that the 
momentum relaxation times, 7, may also be aniso- 
tropic. There is evidence to suggest that, while 7 
for acoustical phonon“) and neutral impurity 
scattering is isotropic, the 7 for ionized impurity 
scattering has a pronounced anisotropy®-® 
7, ~ 12.) Since this anisotropy arises from 
the scattering 
scattering, an 


the dominant contribution to 
probability from small angle 
inherent feature of coulomb interactions, we should 
expect a similar anisotropy in the scattering of an 
electron by an electron or hole. The theory is not 
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Fic. 1. The ranges of temperature and free carrier 
concentration of the experimental results presented in 
I. To the left of the line An!/3 = 1 collisions are pre- 
dominantly binary and to the left of the line pi/uz = 0-1 
ionized impurity scattering is significant. 


capable of dealing with this physical situation 
rigorously. 

Holes populate two bands degenerate at the 
centre of the zone. While the constant energy sur- 
faces of these bands are not spherical, the extent 
to which they are warped is not large, so that it is 
usual to characterize the holes in each band by 
an isotropic effective mass and relaxation time. 
In effect it is usual to distinguish between two 
types of hole, the light hole mz, = 0-044 mo and 
the heavy hole my = 0-31 mo; the theory does 
not make this distinction. 

(d) We have used the Rutherford scattering 
cross-section to describe encounters between 
charged particles, and to prevent divergence we 
have neglected encounters for which the impact 
parameter is greater than some value d. Our 
treatment of this cross-section results in a 


K 


relaxation time for ionized impurity scattering of 
the CONWELL—WEIssKopF type‘) and given by 
equation (6). To estimate the error in the mobility 
calculated from this relaxation time, ur, we have 
compared it with the mobility calculated from the 
cross-section determined by the method of partial 
WaVes [tpw, ®) assuming a scattering potential of the 
form (e2/r) e-*/A (d is set equal to A in the com- 
parison). We regard the mobility calculated by the 
second method as exact. 

The general trend is for »z to be over-estimated 
compared with ppp» at low temperatures while at 
sufficiently high temperatures yr is under-esti- 
mated; between these extremes there is a large 
range of temperature where pr and pp» are in good 
agreement. For example, for an impurity concen- 
tration of 101° cm~3 zz is about 13 per cent greater 
than ppw at 50°K while, at 300°K, wp is about 10 
per cent less than pw, of course, when phonon 
scattering is taken into account the error in the 
resultant mobility is decreased; it becomes in- 
significant at 300°K and the difference between 
LR and ppw is reduced to 2 or 3 per cent at 50°K. 
At low temperatures the difference between the 
two mobilities decreases as the impurity concen- 
tration is lowered. Thus, as far as majority carriers 
are concerned, we can describe the mobility to 
within about 5 per cent over all ranges of tem- 
perature and concentration shown in Fig. 1. 

A similar calculation of the error introduced 
by the use of the Rutherford scattering cross- 
section in the calculation of the minority carrier 
mobility is not easy to carry out. We have therefore 
assumed that the error in the cross-section for 
(eh) scattering is the same as for ionized impurity 
scattering and, on this basis, have estimated the 
error in the minority carrier mobility at 50°K for 
an impurity concentration of 10!5cm-%. If the 
drag effect lowers the minority carrier mobility 
by a factor of two—which we shall eventually see 
is a reasonable estimate for this particular tempera- 
ture and impurity concentration—then the 
minority carrier mobility is overestimated by up 
to 15 per cent. The error decreases rapidly with 
increasing temperature and is lowered as the 
impurity concentration is decreased. We regard, 
therefore, the theory as inapplicable for impurity 
concentration greater than 1-1 x10!cm~* and 
consequently we shall not attempt to account for 
the minority carrier mobility of the specimen 
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having an impurity concentration of 4-2 10% 


cm-*, The trend of the calculation belew 50°K 


for the specimen containing 1-1 x 10!5 cm-3 im- 
purities will be indicated. For all other ranges of 


the minority 


concentration and temperature 
carrier mobility can be estimated to within 15 
per cent and over most of the ranges the error is 
considerably less than this value. 

(e) If the effective mass of the free carrier is 
independent of temperature then acoustical phonon 
scattering is predicted to give a T~!° temperature 
dependence to the lattice mobility.“® It has be- 
come the vogue to ascribe departures of the 
lattice mobility from this temperature dependence 
to optical phonon scattering.“!) For holes, the 
large departure from a T-1 law would appear to 
imply a large amount of optical phonon scattering; 
recently, however, two independent experiments 
have been performed in this laboratory which in- 
dicate that a significant increase in the effective 
mass of the hole occurs with temperature;"*) as 
a result it appears that the effect of optical modes 
on the mobility of holes is small, lowering the 
mobility by no more than about 5 per cent at 
80°K. Optical phonons are calculated to have 
approximately the same effect on the mobility of 
electrons at 80°K if their effective mass remains 
constant. Since the effects of optical phonons are 
small in the temperature range of interest, the 
method of describing phonon scattering—by 
7 oc uv !, where v is the velocity of the carrier, and 
taking any departure from the ‘I~! law outside 
the averaging integral—leads to very small errors, 
considerably less than 5 per cent. 

We conclude from this discussion that there are 
ranges of temperature and concentration in which 
scattering by coulomb forces is expected to be 
important and where application of the theory to 
germanium would be permissible but for the 
implicit assumption of a simple band structure 
(c). Neither the effective masses nor the anisotropy 
of the relaxation times for electrons can be treated 
rigorously. We shall proceed on the assumption 
that a suitable single value of effective mass for a 
carrier can be chosen which not only replaces the 
conductivity mass and the masses appropriate to 
the various scattering processes but also, to some 
extent, takes account of the effect of anisotropy 
on the magnitude of the relaxation time. Accord- 
ingly we shall treat the effective mass of the 
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electron and hole as variable parameters to be 
fixed by a comparison between theory and ex- 
periment. Because the impact parameter beyond 
which coulomb encounters are assumed to be 
negligible is not a well defined length and to make 
additional allowances for anisotropy, we also treat 
d as a parameter which has the same dependence 
on temperature and impurity concentration as A 
but has a variable magnitude, d = ad, where a is 
an adjustable parameter. 

In view of the large anisotropy of the effective 
mass and relaxation times for electrons and the 
large difference between the effective masses of 
holes it might appear that this simple description 
will prove inadequate. To make our approach 
more plausible we make the following observations: 

(i) DeBYE and ConwELL"!®) were able to obtain 
a reasonably good fit to Hall data for n-type 
germanium using essentially the same assumptions 
as above, though, of course, (e—h) scattering was 
absent. (ii) A recent careful study of the ionized 
impurity scattering mobility of electrons in 
silicon"!4) gave very good agreement for most 
impurity concentrations with the BrRooks— 
HERRING") formula which assumes a scalar re- 
laxation time (the anisotropy is less pronounced 
for Si, 7, /7, ~ 4). (iii) While the mobility of 
electrons in a particular valley may have a pro- 
nounced anisotropy, crystal symmetry ensures 
the resultant mobility, which we calculate, is iso- 
tropic. (iv) During the time it takes to perform the 
experiment (transit time, defined in J, ~ 10~6 sec) 
a hole makes approximately 10° interband transi- 
tions and an eiectron at least 10? intervalley 
transitions. Therefore, the mobility determined 
is of some “average electron’? or some “average 
hole’. 

Our attitude, then, is that the difficulty of 
applying the theory to germanium, which is 
introduced by the band structure, can be overcome 
by treating the effective masses and, to a lesser 
extent, the cut-off to coulomb scattering as variable 
parameters. This introduces some latitude in the 
comparison between theory and experiment; it 
acknowledges that we cannot make a direct 
comparison between theory and experiment that 
immediately establishes, unambiguously, the 
effects of (e—h) scattering. It means we have to 
attempt to fit the theoretical curves to the ex- 
perimental results and in so doing to find a set 
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of the values of the adjustable parameters which 
gives the “best fit”. There are obviously limits 
outside which the values of these parameters 
would be unacceptable. The remarks of the 
previous paragraph imply that the anisotropy 
should not have a large effect and, therefore, we 
should neither expect the values of effective mass 
to differ appreciably from the conductivity and 
density of states masses nor expect d to be signific- 
antly different from A. 


3. THE THEORY APPLIED TO CONDUCTIVITY 
AND MINORITY CARRIER MOBILITY IN 
GERMANIUM 
For a mixture of two types of free carriers 
(electrons and holes) we find in II that the mobilities 

of the individual types of particle are given by 


a N (N €2 N ) 
TN), a= "_ bTh(N) 
: kTaj’? and py*? = " kT6,"’, (2) 


m; 2 


UW) a 


By 


where al) 


the equations 


and bSY) are given by the solution of 


N 
- 

s§ 

eyma N 


€2M s=0 s=0 


r = 0,1,2... N, and e,, m, and n, (« = 1,2) are 
the charge, mass and concentration of carriers 
of type «. The terms d@ represent the interaction 
of the particle of type « with defects, while the 
terms f'), x(%) and y%*) relate to the inter- 
action between the free carriers: expressions 
for these terms will be given below. Although the 
effects of (e-e) and (h-h) scattering, described 
by the f;s terms, are small in germanium, these 
are retained for the sake of completeness. ‘The 
theory does not yield exact values of »,, though the 
solutions of the equations can be taken to any 
required order of approximation N, giving values 
of u{ which have been shown to converge as NV 
increases. 

The equations (3) can be simplified for com- 
parison with the conductivity and minority 
carrier mobility. Experimentally the mobility of 
a group of minority carriers is measured which 


(1) (1) ,(12)1,(N) 
2 [dy +m, +ney,. Jae? + 
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have concentrations of 1 to 10 per cent of the 
majority carrier concentration. The values of 
minority carrier mobility quoted in I were ob- 
tained from extrapolating these results to zero 
minority carrier concentration. Thus, choosing 
carriers of type 1 as minority carriers, we have 
ny = (. The majority carrier mobility, 2, and 
hence the conductivity is then independent of 
minority carriers which is physically exact since, 
of course, no minority carriers were injected when 
the conductivity was measured. 

Both the conductivity and minority carrier 
mobility will be calculated in the third order 
approximation.* In II it has been estimated 
that calculations of minority carrier mobility in 
this approximation are, in the least favourable 
region, within 5 per cent of the correct result 
and calculations of the majority carrier mobility 
are in error by no more than ~ 3 per cent. 

The remainder of this section will be devoted 
to a consideration of the values of the terms which 
appear in equations (3). The terms representing 


é2my 


N 
SS nex 126 
€1mMe2 s=0 4 ve 


N N 
‘ (21),(N) — (2) 1» Q(2) (21)1,(N) _ 2 
> mx, a, + D [ay + nop) +My, ]oy 


defect scattering can be subdivided, 


a ‘ (al, 
red =) ae (2), 
i 
where 7 labels individual defect scattering pro- 
cesses. For any defect scattering mechanism 
the relaxation time 7,(7) is related to d)? (7) by 


(4) 


1 2 AkT 1+-r(4)/2 
( yf) 


(r,(i)v"™) 71/2 


where v, is the velocity of the particle of type « 
and v~’) is the velocity dependence of the re- 
laxation time. The required values of the co- 
efficients y() are given in II. We shall deal with 
the individual scattering processes under separate 


(a)s; 
aXi) = 


Mx 


* “Third order approximation’’ is used here in the 


same sense as in II, 
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Table 1. Values of parameters for electrons and holes in germanium. Fixed parameters 

obtained from independent experimental observations and calculations, variable 

parameters found from fitting theoretical curves to the experimentally determined 
minority carrier mobility. 


Parameter Type 


p(m/mo)!* Fixed 
0 ‘3 
R - 
€ ”” 
m/mo Variable 
Te 
Te’ 
0’ 


a 


headings but shall group ionized impurity scatter- 
ing and carrier—carrier scattering together under 
the general heading of scattering by a coulomb 


potential. 


3.1 Phonon scattering (t = 1) 

Free carriers are scattered by both acoustical 
and optical phonons, though, as emphasized in 
Section 2, optical mode scattering is not im- 
portant at low temperatures. Therefore, to a good 
approximation, we can write the relaxation time 
due to phonon scattering of the particle of type 
% as 


1/7,(i) = p,T@x-1/2v,, (i) = 1, 


where p, is a constant measuring the strength of 


the scattering and 7-*« is the temperature de- 
pendence of the lattice mobility. The unimportance 
of optical phonons thus allows us to use the values 
of y,s) given in II for acoustical phonon scatter- 
ing. In the region of room temperature the values 
of 5, are well known;"5) we therefore regard them 
as fixed parameters and they are given in Table 1. 
At lower temperatures 5, becomes less certain 
because of ionized impurity scattering while at 
the lowest temperatures we can anticipate that 
5, >% if its deviation from this value is due to 
optical phonon scattering™®) and probably if it 
is due to a change of effective mass.) To allow 
for this in a simple fashion we have introduced a 
temperature 7, below which the lattice mobility 
obeys a 7-3/2 law; i.e. for 


T < Te, 1/7,(i) = pzTex®21) Tv, 


Electrons 


cm~1°K (1/2-6) 


The values of p, were determined from ex- 
perimental data at 300°K. Because the effective 
mass is treated as a variable parameter we are 
able to find directly only p,(m,/mo)'/*. The values 
shown in Table 1 were obtained from a lattice 
mobility of holes of 1900 cm? V-! sec"! and a 
lattice mobility of electrons of 3900 cm? V~ 
sec-1,(17) The value of 70°K for JT, chosen for 
holes is acceptable since there is some evidence 
that there is no change in effective mass between 
4°K and this temperature and that a 7-3 law 
is obeyed."!8) In the fitting of theory to experiment 
it was realized that an improvement in the fit to 
electron mobilities could be achieved if the rate of 
change of mobility was increased above that pre- 
dicted by a 71-66 law in the region of 150°K. An 
intermediate region was introduced in which 
poc T~*’; the region extending from 7;, below 
which p oc T-15, to Te, above which p oc T-1-66, At 
the time the fitting was carried out, such a splitting 
of the lattice mobility into three regions—the 
intermediate region having the strongest tempera- 
ture dependence—did not appear unreasonable 
since HERRING"6) has shown that the combined 
effects of intraband scattering by acoustical 
phonons coupled with a discrete energy phonon 
scattering process (e.g. optical phonons, inter- 
valley phonons) produces just this sort of variation 
of mobility with temperature. However, the 
parameters given in Table 1 would imply con- 
siderably more optical mode scattering than is 
now known to be the case“) and is at variance 
with our statements concerning optical phonon 
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scattering in Section 2. We are inclined, therefore, 
to believe that the introduction of this intermediate 
region is unrealistic. The relatively small changes 
in the theoretical curves (< 10 per cent) which this 
change of attitude incurs will be discussed when 
the theoretical curves are presented in Section 4. 


3.2 Scattering by a coulomb potential 

The expression which has been derived for 
ionized impurity scattering, using the Rutherford 
scattering cross-section and assuming spherical 
constant energy surfaces, is 


where N* is the concentration of ionized impurity 
atoms and L’ is a logarithmic factor the precise 
form of which depends on how the coulomb 
potential has been assumed to be modified. Our 
treatment of the scattering (Section 2) is equivalent 
to assuming that the coulomb potential is un- 
screened but cut off at a distance d; this gives 
‘4ekT \? 
L' = lone] 1+ | —d] ‘ (7) 
e2 
To determine N* we make the assumption that 
compensation is negligible, hence N* = mg, and 
calculate the concentration of free carriers in 
exactly the same way as described in I.+ (The 
assumption that compensation is negligible for 
samples used for the measurement of the min- 
ority carrier mobility is discussed in I). 
The required expressions for the f\%, x 
and y‘%*) have been given in the appendix of 
II. Each of these consists of a factor 2, modified 
by appropriate coefficients, where 


(a8) 
rs 


Ly 


—__, (8) 
2RT)3/2 


m,, being the reduced mass, m,m,(m,+mz,). 


Here again J is a logarithmic term, and, if we 
choose the cut-off distance of the unscreened 

+ The effective mass used in this calculation of m2 
is the density of states mass. The calculation of the 
density of free carriers is regarded as distinct from the 
calculation of the mobility, and the mass which appears 
in the calculation of m2 is not treated as a variable 
parameter. 





coulomb potential of a free carrier to be the same 
as for an ionized impurity atom, we have L’ = L.f 
The coefficients of Q2,, are also affected by the 
choice of the cut-off distance through logarithmic 
factors (I4, Leg and Ls). 

By choosing the cut-off distance of the coulomb 
forces to be the same for ionized impurity atoms 
and for free carriers we have made the effective 
scattering potentials identical in the two cases. 
This is reflected in the basic similarity of equations 
(6) and (8). An important consequence of this is 
that no additional variable parameters are introduced 
by the inclusion of carrier-carrier scattering. 


3.3 Neutral impurity scattering (i = 3) 
Ercinsoy"9) derived the following expression 
for the relaxation time due to neutral impurity 
scattering, 
20h 
R(N—N*), 3) = 0, (9) 


my 


where N—N* is the concentration of neutral 
impurity atoms and R, is the radius of the orbit 
of the bound carrier of type f to the neutral atom. 
Values of R,, from Konn’s theoretical estimates, ‘°°? 
are given in the table and are regarded as fixed 


parameters. 


4. COMPARISON BETWEEN THE THEORY AND 
THE EXPERIMENTAL RESULTS 

In this section we shall begin by describing the 
fitting of the theoretical curves to the experimental 
results and shall present the curves obtained for 
the final choice of the variable parameters. We 
shall then comment on how sensitive the theoretical 
curves are to this choice of parameters. Finally 
the values of these parameters will be discussed. 

We have mentioned in the introduction and have 
shown elsewhere (II) that the effects of (e-e) or 
(h—-h) scattering on the majority carrier mobility 
and hence the conductivity, o, of germanium is 
small. Fitting the theoretical to the experimentally 
determined values of co is, therefore, merely a 
means of determining the variable parameters to 
describe defect scattering and is not a test of the 

t We may justify the choice of equal effective screening 
of mobile and stationary particles on the grounds that the 
velocity of the mobile particles is low compared with 
propagation velocity of the space charge. 
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The conductivity of majority holes in p-type 
germanium as a function of temperature. 


theory of carrier—carrier scattering. As pointed out 
in Section 3, no additional variable parameters 
are introduced by the inclusion of carrier—carrier 
scattering so that, in principle, we can see how well 
our theory describes (e—h) scattering by comparing 
the calculated and observed minority carrier 
mobility 41, using the parameters obtained from a 
fit to the conductivity c. In practice, however, 
our procedure has been to choose the parameters 
from the fit to c but to allow our choice to be 
influenced by the degree of agreement achieved 
between the calculated and observed values of 
1. This is because the mobility 1 is more sensitive 
than the conductivity to the value of the para- 
meter d. 

The calculation of both o and y; in the third 
order approximation was performed for the 
relevant impurity concentrations over a tempera- 
ture range from 20°K to 160°K on the TREAC 
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The mobility of minority electrons in p-type 


digital computor. The results of these calculations 
using the parameters listed in Table 1 are pre- 
sented in Figs. 2, 3, 4and 5 where the experimental 
values of «; and o are shown for comparison. 
The maximum experimental error in the measured 
values of 4; and o is shown. When making a com- 
parison between the theoretical curves and the 
experimental points it should be borne in mind 
that as well as the errors in the theoretical curves 
which we have discussed there may be errors 
(not shown in the figures) of several per cent in the 
experimental points introduced by inhomogeneity 
of the specimens. In view of these remarks we 
regard the fit of theory to experiment as reasonable. 
We observe that for 1 the correct sort of tempera- 
ture dependence is obtained and furthermore, 
the variation of the temperature dependence with 
impurity concentration is essentially correct. All 
the theoretical curves fall within about 10 per cent 
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Fic. 4. The conductivity of majority electrons in n-type 
germanium as a function of temperature. 


of the experimental points, the majority of them 
being within the experimental error of ~ 6 per 
cent. It must be emphasized that this degree of 
agreement is brought about mainly by (e-h) 
scattering, for, as pointed out in I, there are large 
discrepancies between theory and experiment if 
(e-h) scattering is neglected and, as we showed in 
II, the terms describing (e—h) scattering have a 
large influence on the mobility. Discrepancies 
between theory and experiment are to be expected 
below about 30°K for low resistivity samples 
because under the conditions of the experiment 
impact ionization occurs in this region (I). The 
poorest fit is obtained for the conductivity of 
holes below 60°K, though nowhere is the discrep- 
ancy greater than 18 per cent. The theoretical 
curves for both the mobility of minority electrons 
and the conductivity of majority electrons have 
been deduced on the assumption of an intermediate 
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phonon scattering region where p(1) oc 7~?’ (see 
Section 3) but which, since completing the com- 
putations, we consider to be unrealistic. The 
exclusion of this region decreases the mobilities 
by less than 10 per cent even in the most affected 
cases, i.e. high resistivity specimens. Thus the 
change brought about by the exclusion of this 
intermediate phonon scattering region will not 
significantly detract from the over-all picture of a 
reasonable fit of the theoretical curves to the 
experimental points. 

The following list of observations on the curve 
fitting is included to convey an idea of how sensitive 
the fitting is to the value of the variable parameters; 
it is made for samples of intermediate impurity 
concentration. 

(i) A 50 per cent increase in m decreases 1 
and o by a maximum of about 16 per cent— 
the maximum change occuring at 40°K. 
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(ii) A 50 per cent increase in a decreases x by 
a maximum of about 14 per cent—the maxi- 
mum change occuring at 40°K. 

An increase in 7, of 20°K produces a 
maximum decrease in yp and o of about 
10 per cent, this occuring near 7~. 

While we have already made some comments on 
the chosen values for the variable parameters 
which enter into the expressions for phonon 
scattering, we have left until now a discussion of 
the values chosen for the effective masses and the 
parameter a. We have pointed out in Section 2 
that the extent to which we have established the 
importance of (e-h) scattering does depend on 
whether or not these parameters have acceptable 
values, and we have suggested that d should not 
differ significantly from A(a ~ 1) and the masses 
should be close to the conductivity and density of 
state masses. We note that the value found for the 
parameter a (0-8) is indeed close to unity, and 
further that the mass determined for an electron 
is, in fact, the conductivity mass of the multivalley 
model. While a conductivity mass cannot be 
simply defined for holes, since it is dependent 
on the relaxation processes, the value we have 
found for the hole mass cannot be very different 
from it and is close to the density of states effective 
mass. (If the relaxation times of light and heavy 
holes are the same the combined conductivity 
mass is ()-25 mp. The density of states mass is 
0-37 mo. Both of these are calculated from cyclotron 
resonance data obtained at 4°K“).) 


(iii) 


5. SUMMARY AND CONCLUSIONS 

A consideration of the limitations of the theory 
as applied to germanium reveals that there are 
certain ranges of temperature and concentration 
in which it is valid but for the implicit assumption 
of isotropic masses and relaxation times. Most of 
the experimental results of I are included in these 
ranges. In an attempt to overcome this limitation 
we have treated the effective mass of each carrier 
and the cut-off distance to the scattering of a coul- 
omb potential as variable parameters. In addition 
we have introduced adjustable parameters to 
describe the phonon scattering. 

A good fit of the theoretical curves to the ex- 
perimental data is achieved using this small number 
of parameters. There is agreement both with re- 
gard to the temperature variation and magnitude 


McLEAN and E. G. S. PAIGE 


of the mobility over a wide range of impurity 
concentration and a temperature range as large as 
that for which the theory is valid, and the values 
assigned to the variable parameters are acceptable. 
We conclude, therefore, that we have established 
the importance of the effect of (e—h) scattering on 
the minority carrier mobility in germanium for, 
by incorporating it in the calculation of 4, we 
have reduced discrepancies between theory and 
experiment of the order of a factor of 2 to less 
than 10 to 20 per cent. Furthermore, we have 
shown that, although the theory as it is developed 
at present does not take into account the details 
of the band structure of germanium, anisotropic 
effects on the mobility are not sufficiently im- 
portant to prevent an adequate description of the 
minority carrier mobility to be given if suitable 
choices are made for the effective mass and the 
cut-off to coulomb encounters. We regard the 
agreement between theory and experiment as 
empirical justification for our attempt to describe 
carrier—carrier scattering in germanium using an 
isotropic mass and relaxation time. 
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Résumé 


Nous montrons de fagon théorique, en fonction de la température, l’influence du 


désordre atomique sur le pouvoir thermoélectrique de certains alliages. Nous traitons ici les alliages 
équivalents au laiton 8 du point de vue structure cristalline et comportement thermodynamique. 


On prévoit un abaissement général du pouvoir thermoélectrique et des anomalies plus ou moins 


marquées au point de transition d’ordre. Ces calculs sont directement transposables sur le plan 


magnetique. 


Abstract 


We study theoretically the influence of atomic disorder on the thermoelectric power 


plotted against temperature, for some alloys. We deal in the present paper with alloys of crystalline 


structure and thermodynamical behaviour similar to those of 8 brass. We predict a general lowering 


of the thermoelectric power and anomalies at the transition point more or less sharply marked. 


These calculations can be directly transposed to a magnetic study. 


1. INTRODUCTION 
Nous AVONS étudié précédemment,“ en fonction 
de la température, les variations de résistivité 
électrique dues au désordre atomique dans les 
alliages du type CuZnf: cubiques centrés pré- 
sentant une transition d’ordre de 2éme espece. 
Nous étudions ici les variations de pouvoir ther- 
moélectrique dans les mémes conditions. Certains 
paramétres étant inconnus, plusieurs cas sont 
envisagés, ce qui permet des conclusions assez 
générales. L’effet global est un abaissement de 
pouvoir thermoélectrique. L’ordre a longue dis- 
tance donne l’ordre de grandeur des écarts. 
L’ordre a courte distance n’y apporte que de 
légéres modifications et seulement au voisinage 
du point de transition ot |’on prévoit un change- 
ment de pente. La nature des interactions entre 
atomes et le nombre d’électrons de conduction 
interviennent peu. sont en 
général petits et leur importance dépend essen- 
tiellement du signe du pouvoir thermoélectrique 
dai aux phonons seuls et de la grandeur relative 
de la résistivité due aux phonons a celle due au 


assez Les écarts 


désordre. Dans tous les cas, le pouvoir thermo- 
électrique total varie linéairement a haute tem- 
perature et ne s’écarte de cette valeur asympto- 
tique qu’au voisinage du point critique d’ordre 
ot. les courbes présentent un point anguleux 
analogue a celui déja trouvé dans les courbes de 
résistivité."1) Notons que les calculs sont valables 
pour le désordre magnétique. 


2. RAPPEL DES FORMULES CLASSIQUES 

Le pouvoir thermoélectrique d’un métal pur 
a pour expression, au-dessus de la température de 
Debye"): 


m2 k2T T ¢ log p 
p=-- 


$ @ CE } «Be 


(1) 


ou p est la résistivité due a la diffusion électrons— 
phonons, 7' la température absolue, k la constante 
de Boltzmann, e la charge de l’électron, F l’énergic 
électronique et Ep l’énergie de Fermi. 

La diffusion par le désordre atomique introduit 
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une variation relative ®): 


ot. Ap est la résistivité supplémentaire due au 
désordre. 


3. CONDITIONS DANS LESQUELLES EST FAIT 
LE PRESENT CALCUL 

On a fait ici une étude approximative du cas 
d’un alliage binaire 50 pour cent, parfaitement 
ordonné a 0°K, cubique centré a cette température 
et décomposable en deux sous-réseaux cubiques 
simples identiques, présentant, d’autre part, une 
transition d’ordre a longue distance de 2eme 
espéce. 4) 

On ne connait par le spectre des phonons dans 
un alliage, mais le parameétre x prenant des 
valeurs comprises entre —3 et +2 dans un métal 
pur), on a envisagé les deux cas ol x = +2 et 
x= —2, 

Nous avons étudié précédemment™) la variation 
de résistivité Ap due aux fluctuations d’ordre a 
longue et courte distance, en fonction de la tem- 
pérature. Nous avions abouti aux formules 
suivantes, de part et d’autre du point critique 
d’ordre a la température 7; : 


= 1+ > A(kpD) pour T> Ty 


‘7 


— = (1—S?) | 1+(1—S2) = A(kyD)| 


pour T'<T, 


1+S 
log - = 2S 


A 


ou S est l’ordre a grande distance 


cs 2kpD— 


~ 2(kpD)? 


1—cos2krD 
: | 6) 


ou D est la distance entre atomes proches voisins 
et kp la longueur du vecteur d’onde au niveau de 
Fermi; enfin, Apo est la variation de résistivité 
due au désordre total, a trés haute température. 

Apo est constante en température et ne depend 
que de ky par l’intermédiaire, d’une part de la 
section efficace incohérente par atome, elle-méme 
proportionnelle a‘) (kpD)~4, d’autre part de la 
vitesse électronique, en kpD, et enfin de l’inverse 
du nombre effectif d’électrons par unité de 
volume, qui est proportionnel a (krD)?; Apo est 
donc de la forme : 


Apo oC (krD) 6 (7) 


I] est a noter que la formule en (kprD)-~4, pour la 
section efficace incohérente par atome, n’est pas 
valable pour les trés faibles valeurs des (kr D); nous 
n’envisagerons donc que des valeurs de kpD de 
ordre de 3 ou supérieures. 

On a adopté pour p la forme de résistivité de 
haute température 

p=aTl 
ou a est une constante; et une courbe de résistivité 


expérimentale de CuZnf®) donne approxima- 
tivement : 
T, ~ $Apo 


Nous avons envisagé le cas particulier : 


et aussile cas ov : 


Lg négligeable. (9) 
Ap 


4. CALCULS EFFECTIFS DES VARIATIONS DU 
POUVOIR THERMOELECTRIQUE 


Avec les notations du paragraphe précédent, 
nous obtenons les formules suivantes : 





Mm: Tf. 


(a) (p/Ap) ~ 4(7/T,); energies d’interaction ré- 
pulsives entre atomes; contribution des ordres a 


courte et longue distance: 


kpD dA 


v d(kpD) : 
——— pour7> fT, 


| 
| 
| 
! 


Fic. 1. Courbes de variation relative du pouvoir thermo- 

électrique pour plusieurs valeurs du paramétre krD (kr 

vecteur d’onde au niveau de Fermi et D distance entre 

atomes proches voisins), dans le cas ot! p/Apo = $ T/Te 

(p résistivité due aux phonons, et Apo résistivité de 

désordre total), et ot les énergies d’interaction entre 
atomes sont répulsives. 
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Les courbes de la Fig. 1 illustrent ces formules et 
sont tracées pour diverses valeurs de (krD). 
(b) (p/Apo) ~ 3(7/T-) : energies d’interaction 





dA 
= S?) 
‘d(keD) : 
— pour 7'< T, 


Fic. 2. Courbes analogues a celles de la Fig. 1 mais dans 
le cas d’énergies d’ interaction attractives. 


attractives entre atomes; contribution des ordres a 
courte et longue distance : 


kpD dA 


x d(kpD) 
—_———— pour7'> 7, 
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Les courbes correspondant a cette formule sont 
rassemblées sur la Fig. 2. 

Nous ne donnons pas ici de formule correspond- 
ant a T'< T,; en effet, dans ce cas, l’ordre 4 longue 
distance n’existe plus. I] ne subsiste que |’ordre 
a courte distance qui provoque la formation 
d’amas, 4 basse température, et il faudrait d’abord 
en expliciter la résistivite. 


ApP/P 





Fic. 3. Courbe analogue a celles de la Fig. 1 mais ot on 
n’a pas tenu compte de l’ordre a courte distance ; la 
courbe est unique puisque indépendante de krD dans 


ce Cas. 


(c) (p/Ap) ~ 4(T/Te); 


quelconques, contribution de l’ordre a longue dis- 


énergies d’interaction 


tance seul : 


pour 7'>T7, (13) 


pour7T <7, (14) 


auxquelles correspond la Fig. 3. On remarque que 
les formules sont indépendantes de kD. 

(d) (p/Ap) ~ 0; énergies d’interaction répulsives 
entre atomes, contribution des ordres a courte et 
longue distance. 
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dA 
3, kpD  d(kpD) 


x ‘yy. 
2x 7 
+A 


Te 


AP 
ae ar 


a al 
c 


pour che 


(10’) 





| 
| 
| 
| 


Fic. 4. Courbes de variation relative du pouvoir thermo- 

électrique pour plusieurs valeurs de krD, dans le cas ot 

p Apo est négligeable et ot: les energies d’ interaction 
sont répulsives. 


pour 7'< 7, 
illustrées sur la Fig. 4. 

(e) (p/Ap)~0; énergies d’interaction attractives 
entre atomes, contribution des ordres a courte et 
longue distance. 

dA 
AP kRpD d(krD) 


5 
P E, 1 he 2x a a 
—A (12’) 
T- 


pour 7 >T, 


sur la Fig. 5. 
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Nous avons enfin esquissé, sur la Fig. 6, l’allure 
approximative des courbes de P+ AP; il faudrait 
connaitre la dépendance exacte en température 
de P pour plus de précision. 





Fic. 5. Courbes analogues a celles de la Fig. 4, mais 


pour des énergies d’interaction attractives. 


5. INTERPRETATION DES RESULTATS ET 
CONCLUSION 

D’apres l’ensemble de ces courbes, le désordre 
produit un abaissement général du pouvoir ther- 
moélectrique. Le pouvoir thermoélectrique total 
P+AP suit une loi linéaire a trés haute tempéra- 
ture, et s’en écarte surtout au voisinage du point 
critique ot l’on observe un changement de pente 
dans les courbes. Les déviations par rapport a P 
sont assez faibles, si Pest négatif; et plus fortes si P 
est positif. En particulier dans le cas ot (p/Ap)~0, 
et P positif, on constate que P+AP est toujours 
négatif; un autre point intéressant sur cet exemple 
est que les écarts de P+AP a son asymptote de 
haute température sont positifs ou négatifs suivant 
les valeurs de kpD, plus précisément™) suivant 
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que (Ap/Apy) < 1 ou >1; d’ot un changement de 
pente dans un sens ou dans |’autre a 7;; On a re- 
marqué de tels phénoménes expérimentalement®) 
dans des alliages Pu Al et il en a été donné une 
interpretation analogue a celle présentée ici.‘?? 
Dans tous les cas, la contribution de l’ordre a 
longue distance donne, a elle seule, un bon 
schéma des courbes, qui ne sont que légerement 
modifiées par l’ordre a courte distance et essentiel- 
lement au voisinage du point critique. 

La nature des interactions entre atomes inter- 
vient peu. L’influence de la valeur de kpD est 
assez faible dés que celle-ci n’est pas trop petite; 
mais, comme nous l’avons déja indiqué, les 
formules perdent leur validité pour krD petit. 

Des anomalies de pouvoir thermoélectrique ont 
été observées expérimentalement dans les métaux 
de transition et dans AuCu. Celles du fer, 
correspondant a une transition d’ordre magnétique, 
semblent en bon accord qualitatif avec notre 
théorie. Certains résultats obtenus pour le 
chrome™) présentent aussi une anomalie peu 
marquée ; d’autres,29) au contraire, signalent de 
grosses déviations au point critique, inexplicables 
par nos calculs qui seraient 4 modifier sensiblement 
pour une structure d’ordre aussi complexe que 
celle du chrome. Enfin on a trouvé également des 
anomalies dans AuCu,"!) faibles mais en sens 
inverse de celles proposées ici. Notons cependant 


que cet alliage n’entre pas directement dans la 


catégorie de ceux que nous avons étudiés ; par 
ailleurs il semble, dés maintenant, que la contribu- 
tion des termes d’ordre supérieur a 1/7' dans la 
résistivité et le pouvoir thermoélectrique puisse 
modifier le sens des déviations. 

En conclusion, notre théorie, dans |’état actuel, 
ne nous permet pas d’envisager de fortes valeurs de 
|P+AP| mais il en résulte néanmoins des modi- 
fications certaines du pouvoir thermoélectrique 
dues au désordre surtout au voisinage du point de 
transition. 
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Résumé—Nous étudions, théoriquement, l’influence du désordre atomique sur la résistivité 
électrique des alliages du type Cus Au, au-dessous de la température de transition. Au-dessus, nous 
complétons la courbe obtenue par des calculs effectués précédemment. Nous avons déja traité le cas 
des alliages analogues a CuZnf. Nous utilisons ici les mémes approximations et concluons aussi 
a une faible influence de |’ordre a courte distance, complétant celle de l’ordre a longue distance. Le 
point nouveau est une chute brusque de la résistivité au point critique, conséquence directe de la 
transition d’ordre de 1lére espéce. Ces résultats se retrouvent sur les courbes obtenues expérimen- 


talement. 


Abstract—We study, theoretically the influence of atomic disorder on the electrical resistivity of 
alloys such as CugAu, below the transition temperature. The effect above that temperature was 
computed previously. We use the same approximations as in a previous study of CuZnf and we 
conclude here also that there is a slight influence of short range order, in addition to that of long range 
order. There is a sudden drop of resistivity at the critical point, due to the transition of first order. 


The same results can be observed on experimental curves. 


1. INTRODUCTION cubique a faces centrées 4 |’état parfaitement 
Nous AVONs étudié précédemment™ les phénomée- ordonné (0°K)—A 7°K, on veérifie facilement") 
nes ordre—désordre dans les alliages métalliques, que: 
leur variation en température et leur influence sur la le nombre d’atomes A sur des sites occupés par 
résistivité électrique. En dessous de la température des Aa0° K est 
critique d’ordre, nous n’avions traité que des N 1438S 
alliages du type CuZnf, a transition d’ordre de —— 
2eme espece. Nous envisageons ici des transitions le. 
de lére espéce avec des alliages ABgz analogues 4 __Je nombre d’atomes A sur des sites B 
CugAu. Nous employons les mémes méthodes : 
champ moléculaire, interactions entre premiers 3N (1—S) 
voisins, électrons libres et approximation de Born 4 4 
dans le calcul des sections efficaces de diffusion. 
Nous compleétons les courbes par les informations —le nombre d’atomes B sur des sites A 


trouvées précédemment. Nous constatons encore N 3(1—S) 


une petite contribution de |’ordre a courte distance pois nas 

mais, ici, la transition d’ordre 4 longue distance + 4 
de lere espece entraine une chute brusque de : , 
résistivité 4 la température critique. —le nombre d’atomes B sur des sites B 
3N 3+S 
2. PARAMETRES d’ORDRE = er 

L’ordre a longue distance est l’ordre classique S. . 

Les alliages ABs considérés ont une structure si N est le nombre total d’atomes. 
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Pour définir l’ordre 4 courte distance, nous 

posons, comme pour le cas de CuZnf,"!) que : 

pij(r) est la probabilité de trouver a la distance 
r d’un atome Aj, un atome j (7 et j identiques a 
ou e, m et e désignant respectivement des atomes 
qui occupent les mémes sites qu’a 0° K ou des sites 
différents); alors : 

1 — p;;(r) est la probabilité d’y trouver un B;. De 
méme qi;(1) est la probabilité de trouver a r d’un 
atome B;, un atome B; et 1—qy (r) celle d’y 
trouver un Aj. Les valeurs limites pour r tres 
grand, sont les suivantes : 

1+38 
pij(00) = —— 
4 


sij =n 


pij(%) = 


Et, pour r = 0 

pij(0) = gij(9) = Lee =] 

pij(0) et qi;(0) n’existent pas si z 

Le calcul explicite de ces parametres s’effectue 

simplement en évaluant l’énergie nécessaire pour 
échanger deux atomes, l’un a la distance r d’un 
atome donné, l’autre 4 une distance infinie. En 
écrivant la loi d’action de masse, nous aboutissons 
aux formules suivantes : 


Pin) 1-S 
1—pin(t) 348 
3(1—S) (1438) 
a 


Pin(1) = 


(34+S)(1-S) W 
RT 


Pi-(r) = 


(34+S8)(1-S) W 
wa kT 


3(1—S) (1+3S) 


Out) = - 


ELECTRIQUE DES 


ALLIAGES DU TYPE CusAu 157 


x [> pi(r’)-3+5)] 


W 


Piel) 1-—S 
— —= xp— —— xX 
Pp RT 


— e 
1—pi(r) 348 


x (> Pin(t'1)+> pie(t’2) —(3 <4. S)] 


ry re 


(4) 


ou W = Vaa+Vpp—2V ap; les V représentent 

les énergies d’interaction entre les atomes con- 

sidérés, k est la constante de Boltzmann, T la 

température absolue. Les }} indiquent des som- 

mations sur les atomes premiers voisins de l’atome 

:» s’effectue sur les douze premiers 
r 


sur les 4 atomes qui occupent des sites 


situé en fr 


v 


fend 


voisins 


> sur les 8 atomes qui occu- 
: 


pent des sites identiques au site r. A la limite ot 


ri 
différents du site r; 


r devient infini, les formules précédentes donnent 
la dépendance classique en température de l’ordre 
a grande distance,"°) dans |’approximation de 
Bragg-Williams : 
(1+3S)(3+5S) 
3(1— 8)? saad 


4SW 
kT 


(9) 


Des calculs analogues donnent les j;(r) 
Nous nous intéressons plus précisément a : 


Pij(r) = pij(t)— pij() 
Oij(r) = qis(1)— Giz) 


Il est évident que les nouveaux parametres ne 
bien inférieures a 


(6) 


prennent que des valeurs 
l’unité. Nous pouvons donc, comme dans le cas 
des alliages AB“), adopter en premiere approxi- 


mation les formules approchées suivantes : 


W b P,( 
‘ "te r’ 
kT . 


> Pin(t'1)+ > Pi-(1'2) 








> Qie(t'1)+ > Oin(t’2) 


W 
— Jin tr’). 
— 2s (r’ 
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3. RESISTIVITE 
Soient V4 et Vg les potentiels respectifs d’un Sa 
atome A et d’un atome B. Comme pour les alliages Ci 
AB, on vérifie facilement qu’a la distance r d’un 
atome i, le potentiel diffusant probable sera : 
(Vs—Vp) [Pin(r)+P,At)] si dest un A ou Apo est la variation de résistivite constante en 
: oi te 8) température et due au désordre total, * est le 
et (Va—Vx) [Qin(r)+Qie(r)] siz est un B. vecteur de diffusion, 6 l’angle de diffusion, C et 


On a vu précédemment™) que l’expression 1—C les concentrations. 


] I 


-|S Vir) expix. r|2 
(9) 


C)(Va—Vz NOG 


T/T 

Fic. 1. Courbe de résistivité résiduelle Ap calculée pour 

Cuz Au, en fonction de la température absolue T'. Apo 

est la résistivité de désordre total. En pointillé, la con- 

tribution de l’ordre 4 longue distance seule, en dessous 
de la température critique Tc. 


donnant la variation de résistivité Ap due au _ II reste a évaluer 
désordre est la suivante : 


Ap ae a j 
-= 4 | sin 6d6(1—cos 8) 
Apo dont l’expression détaillée est donnée par : 


S V(r) expix.r|? 
(Va—Vp3)* 
{[Pnn(O) T Pne(o)]> [Pnn(Rn)+ Pne(Rn)] exp ix. Rn} 


R, 


R 


+S {[Pec(0) + Pen(0)]S> [Pen(Re) + Pee(Re)] exp ix. Re} 


{[On n(O) +r One(o)]> [Onn(Rn)+ One Rn)] exp ix. Ry} 
Ra 


+2 {LQee(0) si Qen(0)]> [Qen(Re) + Qee(Re) | exp ix. R-} 


B, R, 
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S 


me 


désignent des sommations sur les sites Ry, ou Re 
autour d’un atome central o : 7 ou e et 
> > Si Se’ 


9 —— 9 aad >) aw 


ay oe oe 


des sommations sur tous les atomes A ou B, 7 ou e, 
du réseau. Dans le méme ordre d’approximation 
qui nous a permis d’écrire les formules (7), nous 
ne gardons ici qu’une expression approchée. 
Nous faisons, d’autre part, une moyenne sur les 
angles comme dans le cas du CuZnf"). 

I] vient : 


|S V(r) exp ix. r|? 


(Va—Vey? 


(3+) (1-S) W sinxD)) 
; kT —| 


| 2n H(0)| P 4 


“ae 
4 








Onto) ] 


ou D est la distance entre proches voisins et x = 
|x| = 2kp sin 0/2; si kp est le vecteur d’onde au 
niveau de Fermi. La résistivité au-dessous du 
point d’ordre est finalement donnée par : 


r= (3+.S)(1—S) W sin |] 
RT xD 


DES ALLIAGES DU TYPE CusAu 159 


Cette formule met en évidence une importante 
contribution de l’ordre a longue distance en 1 — S2, 
dans la résistivité, corrigée par un terme faible 
mais non négligeable, provenant de l’ordre a 
courte distance. 


4. APPLICATION NUMERIQUE ET COM- 
PARAISON AVEC L’EXPERIENCE 


Pour CugAu, krD ~ 3,46, d’ot' A (keD) ~ 4/100 
de méme pour AugCu on sait), d’autre part, que 
ordre a longue distance est stable jusqu’a une 
température 7;,, telle que W/kT, = 1,22 et pour 
laquelle Sr, = 0,463. 

La Fig. 1 donne la courbe de résistivité résidu- 
elle calculée pour Cug Au. Elle est nulle avec une 
pente nulle a 0°K, croit d’abord faiblement et 


xD 


(15+29S)(1—S) W sin xD 
| kT I 


(15+29S)(1—S) W sin xD 


sh adi 
kT xD } 


atteint 7; avec une forte pente : +8 ; en ce point 
Ap 

= 0,89. 
Apo 


(1—S) (34S) (1+2S) W 
+ - —————— 


since. se A(keD)| 
1+S kT 


sin 2 krD 


Pry. |e Saldeash <a neat 


1—cos2 =| 


kpD 2(kpD)? 
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Nous avons également tracé sur la Fig. 1, en 
pointillés, la contribution, a la résistivité, de 


l’ordre 4 longue distance seul, qui donne a 7; : 


A 
Y= 0:79. 


Apo 


D’autre part, les calculs faits antérieurement") 
donnent, juste au-dessus de 7; : 


Ap 
ine ibe 


Apo 


avec une pente négative et trés faible. On retrouve 
sur les courbes experimentales une allure générale 
analogue a celle présentée ici, comme nous allons 


le montrer plus en deétail. 


4.1. Etude a T,. 

Si nous appelons A le rapport des valeurs de 
(Ap Apo) juste au-dessous et juste au-dessus de 7;, 
nous trouvons pour CugAu les chiffres donnés 
par le tableau ci-dessous : 


Tableau 1 


A d’aprés : 


0,80 nos calculs 


JoNEs et Sykes’ 
SIEGEL") 

PERIO'?? 

Nix et SHOCKLEY‘® 


0,66 
0,75 
0,65 
0,82 


BEAL 


Nous avons pris soin de retrancher la résistivité 
due a l’agitation thermique sur les courbes de la 
littérature. I] est évidemment difficile d’évaluer 
exactement sur des courbes expérimentales |’écart 
entre les deux valeurs extrémes de Ap/Apo a Ty. 
I] est certain néanmoins que cet écart existe et 
d’un ordre de grandeur comparable dans tous les 
cas. 


4.2. Etude au-dessus de T>. 


L’ordre a courte distance contribue a une légére 
augmentation de la résistivité 4 7, par rapport a ses 
valeurs a tres hautes températures, ainsi si 7' décroit 
a partir des hautes températures jusqu’a T;, nous 
calculons : 


PT/Te = 1—~PT/Te = 1,4 
= 0,03. 





PT/Tc = 1,4 


Korevaar) observe la valeur 0,06 pour ce 
rapport.* 


4.3. Vérification de la loi en 1/T pour la résistivité, 
au-dessus de T>. 


Nous avons vérifié que les courbes (cf. Fig. 2) de 
Korevaar"?) comme nous le pré- 
disions™), a une loi en 1/7’ pour la résistivité, au- 
dessus de 7,. Cette comparaison aboutit au ré- 
sultat ci-dessous : 


obéissant, 





* Des observations, semble-t-il moins soignées, de 
WRIGHT et Gopparp'®) donnent 0,12. 


Tableau 2 





1,21—P7 
0,64 
0,66 
0,60 


nos calculs relatifs 4 Cug Au. 


KorEVAAR(?) dans AuCu a 14 pour cent de cuivre 
I 
KOREVAAR'*) dans AuCu a 7,5 pour cent de cuivre 
“ I ° 
KoREVAAR'’) dans AuCu a 4,6 pour cent de cuivre 





d’aprés : 














SUR LA RESISTIVITE 


4.4. Dépendance en concentration, pour la résistivité, 


au-dessus de Ty. 

Nous avions abouti™), pour un W/kT donné, a 
une dépendance en C(1—C) pour la résistivité, 
C étant la concentration en l’un des constituants. 








400 


Fic. 2. Reproduction de la Fig. 28 de la thése de Kore- 

vaAAR. Pour différentes concentrations de cuivre en fonc- 

tion de la température, courbes de résistivités d’alliages 
or-cuivre : p—p450°C/p450°C en %. 

Plus précisément, pour une température donnée, 

nous nous attendons a : 


— = constante = m 


Une comparaison avec les courbes de KorEvAAR‘?? 
(cf. Fig. 2) donne, a peu pres, les valeurs ci- 
jointes : 


Tableau 3 


C = 14 pour cent 


C = 


7,5 pour cent 


Cc 4,6 pour cent 


qui semblent assez satisfaisantes, 


ELECTRIQUE 
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4.5. Au-dessous de T>. 

L’allure générale des courbes expérimentales 
est la méme que celle de la notre. Par exemple, si 
nous calculons le rapport de la résistivité pour 
T = 0,91 T; a la résistivité lorsque T atteint 7, 
par valeurs supérieures nous trouvons 0),59 d’aprés 
Korevaar"?) et 0,47 d’apres notre étude. II est a 
noter que la courbe de KorEVAAR ne présente pas, 
a l’approche de 7;, une variation aussi abrupte que 
la nétre, mais les conditions dans lesquelles se fait 
cette approche sont délicates et on ne peut trop 
s’appesantir sur ce point. 


5. CONCLUSION 

Nous trouvons pour la résistivité des alliages 
AB3, comme pour celle des alliages AB, une forte 
contribution de l’ordre a longue distance, légere- 
ment modifiée par l’introduction de l’ordre a courte 
distance, surtout au voisinage du point critique. En 
ce point, les alliages ABs présentent une nette 
différence par rapport aux alliages AB, avec une 
chute brusque de résistivité. Ceci n’est qu’une 
conséquence directe du comportement thermo- 
dynamique de l’ordre a longue distance différent 
dans les deux cas. Enfin, notre étude semble en 
assez bon accord avec les résultats expérimentaux. 
Remerciement—J’ai fait ces calculs sur le conseil de 
Monsieur le Professeur J. FRIEDEL, que je tiens 4 remer- 
cier 1Ci pour ses encouragements constants. 
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Abstract—Diffusion of Ag, Co and Fe in Ge are investigated by radiotracer techniques. We found 
that: (1) In most cases, the concentration varies as exp(—x/L) rather than the Gaussian or the error 
function as usually expected from Fick’s (second) law. (2) The diffusivities of these elements in Ge 
are in the range of 10-®-10~? cm?/sec at temperatures around 800°C. The values are higher in low 
dislocation (less than 10% pits/cm®) than in high dislocation (around 105 pits/cm?) crystals. (3) The 
solubilities of Ag, Co and Fe in Ge are very low, in the range of 10-8—10~-® in atomic fraction. (4) The 
activation energy of Co diffusion in Ge is about 1 eV, nearly the same as those of Ag, Ni and Fe 
diffusion as obtained by other workers. 

It is suggested that the anomalous diffusion is due to a double stream process which is composed 
of free species and trapped ones. This trapping mechanism not only leads to a concentration varying 
approximately as exp(—wx/L) but also offers reasonable explanations for many other experimental 


facts. 


1. INTRODUCTION 
FROM sTuDIES of diffusion in solids, most of the 


(b) It cannot be interpreted by a 


mechanism alone. 


vacancy 


results can be summarized as follows: 

(a) Diffusion follows Fick’s law. 

(b) Diffusion of substitutional solutes can often 
be interpreted by a vacancy mechanism. 

(c) Diffusion constants for substitutional solutes 
are usually in the range of 10-9-10-14 cm? 
sec. 

(d) Diffusion of interstitial solutes, which can 
hop from one interstice to another, may be 
much more rapid. 

In recent years, work by FULLER”: 2) VAN DER 
Magsen®) and TweerT®) on Cu diffusion in Ge 
gave remarkably different results. They found that: 

(a) Cu diffusion in Ge usually does not follow 
Fick’s law. 


* This paper is based upon a part of thesis submitted 
to the Graduate College of University of Illinois (1958) 
in partial fulfilment of the requirement for the degree of 
Doctor of Philosophy in Electrical Engineering. The 
work is supported by the United States Air Force through 
Contract No. AF 18(600)-1310. 


+ Now at the University of Washington, Seattle 5, 
Washington. 


(c) The diffusion constant is about 10-°cm?2/sec 
(700-900°C) which is a million times higher 
than those of Group III and V elements in 
Ge. 

(d) Diffusion is structure sensitive. 

(e) The activation energy for diffusion is small. 


FULLER has speculated that copper may diffuse 
at high temperatures as Cut or Cu®, and assume 
the role of acceptor only at lower temperatures. 
FULLER and Tweer found, independently, the 
importance dislocations had for the diffusion. VAN 
DER MAESEN and BRENKMAN were led to the con- 
cept that both substitutional (Cus) and interstitial 
(Cuz) atoms are present and are in a temperature 
dependent equilibrium, 


Cuj = Cus+ QO 


where the “thermochemically denoted Q” has a 
positive sign. They proved from their experiments 
that the Cu diffusion was non-Fickian under most 
conditions and gave the first analytical treatment 
of the diffusion. 

FRANK and TURNBULL®) then introduced the 
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role played by vacancies in the mechanism of Cu 
diffusion in Ge. In crystals of very high dislocation 
density, as they conceived, vacancies are supplied 
and maintained in equilibrium by dislocations in 
the bulk. For Ge crystals relatively free from dis- 
locations (say less than 100 etch pits/cm?), they 
proposed a “dissociative mechanism’’. This mech- 
anism has been used with some success to inter- 
pret the data on Cu diffusion and precipitation in 
Ge. (4» 6) 

Besides the above two limiting cases, there is an 
intermediate one, corresponding to a medium high 
dislocation density (108-105 etch pits/cm?). Since 
ordinarily Ge crystals have dislocation densities 
falling in this range, this intermediate case is the 
one usually observed. In this case, the concentration 
of vacancies and their generation rate from dis- 
locations in the bulk may not be sufficient to main- 
tain the equilibrium condition of Cug = Cu;+ V. 
When this occurs, Cu diffusion will not follow 
Fick’s law. This can be seen easily from VAN DER 
MAESEN’S equations and is clearly shown in the 
figures of his paper.) 

Stimulated by the previous work on Cu diffusion, 
the present author investigated the diffusion of Ag, 
Co and Fe in Ge. He found that Fick’s law was 
also not followed in most cases of the diffusion 
studied. The dissociative mechanism which was 
considered satisfactory for Cu diffusion seems to 
be inadequate for interpreting our results. We con- 
sider that the diffusion of Ag, Co and Fe in Ge is 
a double stream process, one stream consisting of 
free species and another of trapped ones. The free 
species are probably interstitials. The trapped 
species include substitutionals and those having 
either loose or tight association with lattice defects 
(such as dislocations) and impurities. When a 
species hops from one trap to another trap, this is 
considered as the “diffusion of trapped species’’, 
and forms the slow stream. A species could switch 
now and then between the slow and the fast streams. 
This kind of exchange of species is characteristic 
of a double stream process. 

As we shall show in this paper, the trapping 
mechanism can explain many experimental facts, 
particularly the exponential characteristic of con- 
centration versus penetration. The trapping mech- 
anism is more general than the dissociative mech- 
anism in two respects: (a) In the dissociative 


mechanism, only the role of vacancies is 
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considered. In the trapping mechanism, the effect of 
all kinds of traps including vacancies on diffusion 
is implied. (b) In the dissociative mechanism, the 
equilibrium condition: vacancy + interstitial= sub- 
stitutional is assumed. In the trapping mechanism, 
this equilibrium condition is not necessary but is 
also not excluded. We suggest that other non- 
Fickian diffusion might also possibly be explained 
by the trapping mechanism. 


2. EXPERIMENTAL 
The Ge crystals used were of three grades: 
dislocation, HD ~10° pits/cm* (b) low dislocation 
LD ~10* pits/em* (c) dislocation-free, DF < 100 
pits/cm*, supplied by Dr. A. G. Tweet of the General 
Electric Research Laboratory. All crystals were single 


(a) high 


crystals with resistivity around 40 ohm-cm. 

Samples cut from HD crystals were about 0:6—-1 cm 
long while those cut from LD and DF crystals were 
about 3 mm thick. The cross-sectional area was about 
1-5 cm?. All samples were ground to mirror polish on 
one face with a precision grinding machine.) They were 
first cleaned to remove surface contamination by LOGAN’s 
method 9) and then treated with Complexion III) to 
prevent diffusion from going around the sides and the 
back. A solution containing a radioactive isotope of the 
desired element was brushed over one face of the sample 
and dried in still air. 

A resistance furnace 
facilitate quenching, the sample was not sealed in a 
Vycor tube but put in a molybdenum basket with the 
painted side facing down on a thin quartz plate. After 
annealing, the sample was slid onto an aluminum plate 
which conducts heat away very rapidly. 

The remaining procedures are sectioning, weighing 
and counting as usually done in radiotracer techniques. 
Before the first sectioning, the edges or sides were ground 
off for several diffusion lengths around the sample to 
minimize the effect on counting of possible side diffusion. 
B-radiation was counted and the counting efficiency was 
about 20 per cent. 


was used for annealing. To 


3. RESULTS 

(a) Silver diffusion 

Figs. 1 and 2 show the penetration curves (log C 
vs. x) of Ag diffusion in high dislocation and dis- 
location-free crystals of Ge respectively. We see 
that curves 2 and 3 of Fig. 1 are very good straight 
lines, i.e. C = A(t) exp (—x/L) where C is the 
concentration of the diffusing species. The surface 
concentrations are roughly proportional to time. 
Curve 1 shows a structure effect. In Fig. 2, curves 
(1, 2, 3) have two distinct parts, a sharply falling 
initial part and a very flat deeper part. The initial 
part represents possibly a substitutional diffusion 
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Fic. 1. Penetration curves of Ag diffusion in Ge (high- 
dislocation, HD). 


which is related to the vacancies entering from the 
surface. However, in the bulk of a dislocation-free 
crystal, very few vacancies are available and there- 
fore diffusion will be dominated by interstitials. 
This gives the flat part of the penetration curves. 

We shall estimate the “apparent diffusivity”’ (to 
be defined in Appendix), which is about what one 
would obtain if one tried to fit square law pene- 
tration. From Fig. 1, for t = 2000 sec, L = 240 
microns, 


2L2 
t 2000 


2 x (2-4)? x 10-4 
Da - 
= 5-8 x 10-7 cm?2/cm.* 


4000 sec, L = 300 microns, we get Dg = 
45x 10-7 We may 


For f 
2x9 10-4/4000 


take the mean value, 


cm2/sec. 


Da = 5 x 10-7 cm2/sec 
* Curves 1 and 2 have features very similar to case 
(iv), ie. A(t) = ct and L = ky/t, in Appendix, hence 
formula (A1) is used for Dg 
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Fic. 2. Penetration curves of Ag diffusion in Ge (dislo- 
cation-free, DF). 


as the diffusivity of Agin HD Ge at 710°C. Bucat 
has obtained D (computed from erfc function,)@) 


D = 4-4 10-2 exp(—23000/RT) 


At T = 710°C, D = 3x 10-7 cm?2/sec, which is 
very close to our value. 

In Fig. 2, the lower parts of curves 1 and 3 are 
very flat with L = 430 microns and have features 
very close to case (i) as described in the Appendix, 
According to equation (A5), the apparent diffusivity 
is given by, 

(4-3)? x 10-4 
D, = = 2x 10-6 cm?/sec. 
1000 
This value may be taken as the interstitial diffusion 
coefficient of Ag in Ge (at 710°C). 

The ordinates in curves 1’ and 2’ of Fig. 2 repre- 
sent the difference between the concentrations on 
the initial part of curves 1 and 2 and the straight 
line extrapolation (not shown) toward the surface 
from the deeper part of these curves. They (1’ and 





DIFFUSION 





in cpm/mg 


activity 


Specific 





Fic. 3. Penetration curves of Co diffusion in Ge (HD, 
800°C), log C vs. x. 


2’) may be taken as the concentrations of substi- 


tutionals penetrating by vacancy diffusion from the 
surface. From them, we get, 

36 x 10-6 
—— = 3-6x 10-8 cm2/sec. 


~~ 4000 


(Note: Curves 1’ and 2’ of Fig. 2 have the features 
of case (i) in Appendix. Hence formula (A5) is 
used here). 


(b) Cobalt diffusion 

Since Co®® has a half-life of 72 days and is 
claimed as “‘carrier-free’’, it is better suited for the 
study of fast diffusion. We have done much work 
on Co®§ diffusion in crystals of Ge for different 
annealing times at three temperatures (750, 800 
and 850°C). From Figs. 3-7, we get: 


Y 


(a) In HD crystals, all penetration curves (log C 
vs. *) are straight lines (Figs. 3 and 6). ‘The 
curves in Fig. 4 use the same data as used in 
Fig. 3 but are plotted as log C vs. x. It is 
very evident that they do not fit either 
gaussian or erfc function. 
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Fic. 4. Penetration curves of Co diffusion in Ge (HD,. 
800°C), log C vs. x?. 


(b) In LD (CBS Hytron) crystals at 800°C, the 
penetration curves (Fig. 5) are straight lines 
with x2. At 852°C, the penetration curves in 
LD crystals are straight lines with x (Fig. 7). 


(c) By comparing Fig. 3 with Fig. 5 and com- 
paring Fig. 6 with Fig. 7, we can see that the 
apparent solubility in HD crystals is much 
higher than that in LD crystal (the com- 
parison between Figs. 6 and 7 is particularly 
striking) while the diffusivity in the latter is 
about 2-3 times that in the former. 


From the penetration curves, we calculated the 
apparent diffusivity, Da of cobalt in Ge to be 
10-6-10-? cm?2/sec in the range of 750-850°C. We 
obtain (Fig. 8), 


Da = 44x 10-3 exp(—20000/RT) 
for Co diffusion in HD crystals of Ge, and 


Da = 9°16 exp(—25800/RT) 
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Fic. 


5. Penetration curves of Co diffusion in Ge (low- 
dislocation, LD, 800°C). 


for Co diffusion in LD crystals of Ge (CBS 
Hytron). The values of activation energy are very 
interesting. For Ni diffusion in Ge,() 


Dy; = 0-8 exp(—21000/RT) 


From BuGai’s measurements Fe and Ag 


diffusion in Ge, (1-19) 


on 


Dye = 0-13 exp(—25000/RT) 
Dag = 44x 10-? exp( —23000/RT) 


All these activation energies are around 1 eV. This 
suggests that their diffusion mechanisms may be 
nearly the same. 


(c) Lron diffusion 
From our data (Figs. 9 and 10), we observed that, 
(i) The points are more scattered than those 
shown in other figures for Ag and Co 
diffusion in Ge. 
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. Penetration curves of Co diffusion in Ge (HD, 
852°C). 


Some of the penetration curves are good 
straight lines, i.e. C varying as exp(—«x/L). 
None of the curves has a shape like 
exp( — ax"), 


(ii 


The maximum concentration is about 
2 x 1013 atoms/cm? which is the same value 


as obtained by ‘T'YLer 4), 


(iii) 


(iv) By comparing Fig. 9 (HD case) with Fig. 
10 (LD case), we see no difference in 
maximum concentration and _ diffusion 
lengths. The diffusivity estimated from the 
diffusion lengths is about (2-3 + 0-7) x 10-7 
cm?/sec at 800°C. 


The very low solubility of Fe in Ge and its 
strong chemical activity impose extreme difficulties 
in experimentation. Though the tracer measure- 
ment appears as one of the best, the results can be 
widely different in experiments by different workers 


because of many uncontrolled factors, such as the 
impurity contents of the tracer and in the crystal. 
For example, Buca obtained the solubility (.S) and 
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Fic. 7. Penetration curves of Co diffusion in Ge (LD, 


852°C). 


the diffusivity of Fe in Ge at 800°C as, (1%) 
S = 1015 atoms/cm? = 50 times TYLEr’s value.“ 


D = (1-6 + 0-6)x 10-6 cm?/sec = 6 times our 


value. 


4. DIFFUSION MECHANISM 

If a diffusion process is composed of two 
streams with different diffusivities and if there is 
an exchange of flow between them, then by the 
principle of continuity, we have (for one dimen- 
sion), 

oN, aN 
- = D,— —K1Ni+ K2N2 (1) 


Cx" 


_ — KoNo+ KiN, 
Ox? 
These equations were first used by VAN DER 
MAESEN in dealing with Cu diffusion in Ge.) 
Now, we can see that unless KyN, = KoNo, Fick’s 
law will not be followed. 
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Fic. 8. Diffusivity vs. temperature of Co in Ge (HD). 


One of the physical interpretations for a double- 
stream process is a trapping mechanism suggested 
by Prof. BARDEEN. We may conceive the double 
stream process as made of a running stream and a 
trapped stream. The running stream of free species 
probably interstitials, maintains a quasi-steady 
flow. During the course of diffusion, some of them 
may fall into traps. They will be held forever by 
deep traps but will be released in a short time from 
shallow traps. As long as the trapping rate is 
greater than the release rate, the concentration of 
the trapped species will build up with time. Be- 
cause of the releasing action, the diffusion length 
of the running and the trapped streams will in- 
crease slowly with time. In the following, we shall 
give a simple mathematical treatment. 


Let Nj, No = concentrations of free and trapped 
species. 

D;, Dz = diffusivities of free and trapped 
species. 


K; = probability of each free species being 
trapped per unit time. 





Fic. 9. Penetration curves of Fe diffusion in Ge (HD). 


Kz = probability of each trapped species 
being released per unit time. 


We assume that, 

Ki > Ke 
For simplicity of mathematical treatment, we take 

Dz = 0 
We further assume that the stream of free species 
maintains a quasi-steady flow, 

ON, 

ct 
The physical significance of ON /Ct=0 is as follows. 
We may consider Nj to consist mostly of inter- 
stitials. As it is generally believed that the inter- 
stitials have very low solubility but rather great 
mobility, Nj will reach its saturation value within 
a very short time after diffusion starts. Then, since 


the concentration is limited by the solubility, Nj 
cannot grow with time. Shortly after the start of 
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Fic. 10. Penetration curves of Fe diffusion in Ge (LD). 


the diffusion, the process thus consists of the in- 
flux of the free species and trapping of them in the 
bulk at about the same rate. 
(a) Dead trapping, Ke = 0 


The equations for Nj and N2 are: 


—~= K,N; 
The solutions are: 
N,; = No exp(—+*/L) (5) 
No = KyNot exp(—<x/L) (6) 


where 


L = +/(Di1/Ki) (7) 


We have to understand that Ky, the trapping 
probability is proportional to the concentration of 
the unoccupied traps. When the number of traps, 
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Nr is great, Ky may be taken as a constant, and so 
also is the diffusion length L. If Nv is small, Ky 
may decrease with time (because the number of 
unoccupied traps may decrease) and LZ will in- 
crease accordingly. When all traps are filled, 
equations (3) and (4) are no longer valid. Instead, 
we shall have, 


The total concentration will be, 
T No 9 T ) 
N;, = ———— exp(-—+%?/4D\t)+ Nr (8) 
2 (7Dyjt) 
The resultant curve (N;) will thus look like a 
gaussian when Nj is small (for example, in LD 
crystals), but will approach the exp(—ax) shape 
as Nr becomes greater. 


(b) Shallow trapping, Ke # 0 
The equations for Nj and N¢2 are: 
oN eeN, 
— = 0 = Di—— — K,Ni+ KoNo (9) 


Ct ox" 
CNo 
ee Ky Ni a KeNo 
ot 


(10) 


The approximate solutions are obtained as follows. 
Using the assumption 0N,/0t = 0, i.e. Nj inde- 
pendent of t, we obtain from (10), 


—... 7 , 
No = ou! — exp(— Kot)] 


Substituting this into (9), we get, 
Ni = No exp(—+/L) 
where 
L = (D,/Ky)"'/? exp(Kot/2) 
From (11) and (12), we get, 
Ky 


No = No[1— exp(— Ket)] exp(—+/L) (14) 


Af more exact solution for Ng may be obtained by 
plugging (12) into (10) but the integration involved 
is somewhat difficult. 
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The total concentration is, 


Ne = Ni+Ne2 = Nox 


anf 
X exp( —4/L -— 
i Wiad K 


[1— exp(— Kt] 


(15) 


With two sets of values of L and t, Ky and Ke can 
be calculated from (13). For example, using data 
from Fig. 1 D; = 2x 10-6 cm?/sec, we 
obtain, 


and 


Ki = 5x10-3sec1, = Ke = 2x10-4sec™! 


Then K,/K2> 20 which justifies the trapping 
mechanism. 

Since the solutions for Nj and No are first-order 
approximations, they cannot exactly satisfy the 
original differential equations. Obviously, Ny given 
by (12) is not consistent with 0N,/ct = 0. How- 
ever, if 

oN, 
-~<€ D, 
ct 


(A) 


our solution may be considered a good approxima- 
tion. With the substitution of Nj from (12), the 
above inequality becomes 


x @ 
Glink) < D/L? (B) 
4 ¢ 


Since the distance of interest is x~2L, using (13), 
we have from (B), 


Ke < D/L? (C) 


With the above numerical values substituted 
(L = 240 microns from Fig. 1), we see that (C) 
is satisfied. If one inserts (12) and (14) into (10), 


one would find the error in per cent to be, 


This is very sensitive with regard to the numerical 
value of L. For example, when Ky = 5 x 10-3 sec~!, 
D,; = 2x 10-8 cm?2/sec, and L = 2:4x 10-2 cm, 
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one gets 
Aoy, = 45 per cent 


However, if L = 2:1x 10-2 cm, Asoz = 10 per cent. 
Thus, it would be difficult to judge the approxi- 
mate solutions simply on the basis of (D). How- 
ever, the form of the solutions is in qualitative 
agreement with the general shape of the experi- 
mental curves 
After a sufficient length of time, 
Ky 
Ne = No{1+ — 
K: 


) 


exp(—x/L) = No’ exp(—x/L) 


(16) 
where No’ is the surface concentration. If the 
source material is exhausted after this time, No’ 
will be determined by the following condition, 


m 


'= | Mdx = NL 


(17) 


or the surface concentration will decrease with 


time. 


5. DISCUSSION 
For diffusion by the “dissociative mechanism”’, 
FRANK and ‘TURNBULL obtained, 


Dy = DSCHCs4+C,) ~ Daal, fC. <€C, 


where C,, Cs are the concentrations of vacancies 
and substitutionals; Cs, the saturation solubility 
of substitutional Cu atoms, and D,, Ds and Dee, 
the diffusivities of vacancy, substitutional and Ge 
atoms. An estimate of D, from this formula is in 
good agreement with the experimental result by 
Tweet of Cu diffusion near the surface of a high 
perfection crystal of Ge.) In our experiments, we 
have used a high perfection crystal supplied by 
Tweet for Ag diffusion in Ge and obtained data 
as shown in Fig. 2. In Section 3, we have calculated 
Dg near the surface of the crystal based on Fig. 2 


as 
Da = 3-6 x 10-8 cm2/sec 


Using FRANK and TURNBULL’s formula and the 
values of Dge and C; at T = 710°C, for Ag in Ge, 


WEI 
Dee = 6x 10-)5 cm?2/sec 
Cs = 1014/4-5 x 1022 = 2x 10-9 
we would have 
Ds = 6x 10-15/2 x 10-9 = 3 x 10-6 cm2/sec. 


This value is higher by two orders of magnitude 
than the experimental value Da, 3-6x 10-8 (the 
difference between this Dg and the erfc function 
extrapolated D is about a factor of 2-3, the latter 
is usually the smaller one). This would suggest 
that the diffusion of Ag in Ge is by a mechanism 
other than the dissociative one. We should realize 
that the dissociative mechanism occurs if: (1) the 
interstitial and the vacancy diffuse independently 
after dissociations and (2) Dj > Dy. At very high 
diffusivities, the interstitials will quickly attain the 
equilibrium concentration. Under these con- 
ditions, the formula for Ds, 


Ds = DICs (Cy+Cs) 


is valid. In the case of Ag diffusion in Ge, we first 
note that the Ag atoms are much larger than the 
Ge atoms. Because of the strain interaction be- 
tween a large interstitial and a vacancy, their 
diffusion immediately after dissociation would not 
be entirely ‘independent’. Secondly, Dj of Ag in 
Ge as obtained above is about 2 x 10-6 cm?/sec. 
At 700°C, Dy = 6x 10-5 cm?/sec. Hence Dj < Dy. 
At much lower diffusivities, the Ag interstitials 
may not reach the equilibrium concentration in a 
short diffusion time. All these conditions do not 
favor the dissociative mechanism and hence the 
above formula for Ds is no longer valid for the case 
of Ag in Ge. Thus a lower value of Ds of the Ag 
substitutionals in Ge than that calculated from 
FRANK and TURNBULL’s formula is to be expected. 
When the interstitial and vacancy concentrations 
do not reach equilibrium and vacancies enter as a 
third kind of diffusion species having reactions 
with both substitutionals and interstitials, the 
situation is difficult to deal with theoretically. 
This case is worthy of further investigation. 

For diffusion of Ag and Co in Ge, we observed 
that the apparent concentration* is greater in high 
dislocation than in low dislocation crystals. Most of 

* Throughout this paper, the “‘concentration’’ usually 
means the observed concentration which is not 
necessarily the equilibrium concentration. 
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the data show strikingly the exponential character- 
istic of concentration vs. penetration distance. 
All these findings can be interpreted by the 
trapping mechanism. The concentration measured 
is the sum of the free species (probably inter- 
stitials) and the trapped species. The higher trap 
density as in the case of HD crystals, would result 
in (a) a higher concentration of trapped species 
and (b) a higher trapping rate which will reduce 
the diffusion length and hence the apparent diffusi- 
vity of the composite stream. We have shown in 
Section 4 that if the trapping rate is greater than 
the release rate, the concentration will follow a 
simple exp(—.x/L) law. However, Fick’s law will be 
followed if (a) KyNi = K2Noe or (b) all traps are 
filled. This could occur in LD crystals because of 
low trap density. The case of Fig. 5 may be due to 
either of these two conditions. 

Another interesting conclusion from our study 
is that in HD crystals, the surface concentration 
is proportional to time up to a certain time limit. 
This fact is shown in Fig. 1 (curves 2 and 3), Fig. 
3 (curves 1 and 2), and Fig. 6. The rise with time 
of the surface concentration is predicted by our 
theory (Section 4). It appears that our theory of 
trapping mechanism is able to account for many 
experimental facts and so may be taken as a sound 
basis in dealing with this type of diffusion. 
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The limited supply after a certain time as shown 
by the drop of surface concentration (Figs. 3 and 
9) may be due to either or both of the following 
causes: (a) formation of oxide on the surface. This 
is quite possible because cobalt and iron are easily 
oxidized. (b) formation of an alloying layer. 

The characteristics of iron diffusion in Ge as 
described in Section 3 deserve further discussion. 
To interpret the data, we conceive that “vacan- 
cies’ may not be a determining factor in Fe 
diffusion. Instead, some other kind of traps, 
possibly oxygen may play an important role. If the 
role of vacancies becomes insignificant, it would be 
expected that the dislocation density would have 
little effect on concentration and diffusivity. 
Furthermore, the concentration of Fe substi- 
tutionals (trapped by vacancies) would be small, 
an important factor contributing to the very low 
solubility. The impurity traps may have higher 
concentration than the equilibrium concentration 
of vacancy and may produce pockets in the 
crystal. The high rate of trapping, if it can occur, 
would give the non-Fickian diffusion. 

The following table shows us the present status 
of diffusion of various elements in Ge. It is very 
interesting to note from Table 1 that most proper- 
ties of Class B solutes are midway between those 
of Class A and Class C solutes. The solubilities of 


Table 1. Diffusion in Ge 


Class A 





Elements Li Cu Ni* 





very weak 


keV 


Bond with Ge atoms 

Activation energy for < 
diffusion 

Dt (800°C) in 10 
cm2/sec. 

Maximum solubility 
(atomic fraction) 

Diffusion process 

Diffusion mechanism 


140-5 
10-4-10-? 


interstitial and others 
interstitial, dissociative 
and others 


Fick’s law mostly no 


C 


Au, Zn & Group III 
IV, V elements 
strong 
-2eV 
10-13 


10-8-10-7 10-9 


10-8-10-9 -10-3 
substitutional 
vacancy mechanism and 

others 


double stream 
trapping 


mostly no yes 


* Ni may be considered as an element between class A and B. Its activation energy for diffusion in Ge is 


0-9 eV. 


+ Diffusivity is usually measured in ordinary Ge crystals (104-10 pits/em*). D’s for Cu, Ni, Ag, Co and Fe are 


’ 


“apparent’’ rather than “‘true’’. 
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Class B elements in Ge are the lowest perhaps be- 
cause they are not good substitutionals due to weak 
bonding and also not good interstitials due to large 


atomic size. 


6. CONCLUSIONS 
From experiments of Ag, Co and Fe diffusion 
in Ge, we have found: 

(a) The concentration often varies approximately 
as exp(—x/L), where the diffusion length L 
increases with time. 

(b) In high dislocation crystals, the concentra- 
tion near the surface increases with time up 
to a certain time limit. 

In some cases, the penetration curves show 
great irregularities. 

The apparent diffusivities of these elements 
in Ge are very great, in the range of 10-6- 
10-7 cm?/sec at temperatures around 800°C. 
The apparent diffusivities are usually higher 
in low-dislocation (less than 10° pits/cm?) 
crystal than in high-dislocation (10° pits/cm?) 
crystals. 

The solubilities are very small in Ge. They 
are in the range of 10-8-10-9 in atomic 
fraction (700-850°C). 

For cobalt diffusion in Ge, the activation 
energy is about 1 eV which is nearly the same 
as the value for Ag, and Ni and Fe in Ge 
obtained by other workers. 


In theory, we have shown that a double stream 
diffusion process would in general not follow 
Fick’s law because of non-equilibrium exchange 
of streams. The trapping mechanism, a possible 
interpretation of a double-stream process, not 
only leads to a concentration varying approximately 
as exp(—x/L) but also is able to explain many 
other experimental facts. 

In conclusion, we can say that our experimental 
results, the theory of double-stream process and 
its physical interpretations (trapping mechanism) 
show very good accord. Combining these results 
with the knowledge of Cu and Ni diffusion in Ge 
obtained elsewhere, we can further conclude that 
diffusion of most Group I and transition elements 
in Ge (700-850°C) has the following character- 
istics. 

(a) Non-Fickian diffusion in many cases. 

(b) High diffusion rate. 
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(c) Very low solubility. 
(d) Low activation energy. 
(e) Subject to structure and impurity effects. 
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APPENDIX 


The concept and definition of apparent diffusivity 

Throughout this paper, we use “apparent diffusivity’’ 
rather than “true diffusivity’’. This concept may be be- 
wildering and therefore could cause misunderstanding 
even to those workers who have had long experience in 
this field. The author should mention that to his know- 
ledge, this concept was originally introduced by VAN DER 
MAESEN in connection with Cu diffusion in Ge.) Later, 
FULLER, FRANK and TURNBULL used the adjective 
“‘apparent’’ rather liberally for the diffusivity of Cu in 
Ge.(?. 5) This concept is followed in this paper because 
none better is available. 

The ‘‘apparent diffusivity’’ is defined by the following 
equation, 
UY aN 
(—a 
a oe 


eN 
Ja)—J(W) = —Da a5 


x 


(Al) 


This is just the integration of Fick’s second law between 
x, and W (the thickness of the sample). If W is very great 
in comparison with the diffusion length, which is prac- 
tically true for most experimental cases, then we can take 
J(W) = J(@) = 0. Since x1 can be any point in the sample, 
there is no need for its subscript. With these simplifica- 
tions, we get, 
r &N 
(A2) 


We now consider (A2) as the ‘‘generalized definition’’ of 
diffusivity no matter how N(x,t) is obtained and whether 
or not Fick’s law is obeyed. When diffusion follows 
Fick’s law, D from (A2) will be automatically the true 
diffusivity. However, if Fick’s law is not followed, we 
still can determine D according to (A2) if N(x,t) and only 
N(x,t) can be found by some means (from experimental 
or from other theoretical derivation). In this case, D in 
(A2) is called the “apparent diffusivity’’. 
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In our study, we found both from experiment and 
from theory 

N(x, t) = A(t) exp(—x/L) (A3) 

where A(t) is the surface concentration, and L the 


diffusion length. Then based on (A2), the apparent 
diffusivity, for W > L, will be given by, 


(A4) 


L 
Da = {(A'L+AL) +12 





Fic. 11. Diffusivities of Cu and Ni 


where the prime (’) stands for differentiation with re- 
spect to time. Let us consider the following special cases: 


(i) A = ct, L = const., 


(AS) 


(c = const.) 
(ii) A = const., L = kv/t, 
L k2 


Be th ba) os = 
P 2 2 


a+b~a 


(iii) AL = const., L = kv/t, 


COBALT 


AND IRON IN GERMANIUM 
Gv) A = ct, L = hi, 


Rx 
— = 3a+b (A8) 


~ 


From (A5) to (A8), we note that: (a) Da is not a constant 
but a function of x and ¢. (b) In cases (ii)-(iv), Dg is 
linear with A( = x/+/t). These two results may surprise 
some workers in this field. Fig. 11 taken from VAN DER 
MAESEN’s data‘3) should serve as a good example to 
justify our statement. 


rei cm/sec* x 108 


in Ge (After VAN DER MAESEN’?)). 


If we define Da at x Las the “nominal Fick diffusi- 
vity’’, Dan, then in cases (1) and (ii), 


Dan = [?/t (A9) 


In case (iil), 


(A10) 


In case (iv), 


Dan = 2L2/t (All) 


Which of formulas (A9)-(A11) should be used depends 
on which ideal case as set in (A5)-(A8) is nearest to the 
actual situation. This can be judged without great error 
simply by examining the penetration curves. This is our 
basis for obtaining the apparent diffusivity throughout 
this paper. 
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Abstract—The effect of neutron irradiation at elevated temperatures on the electrical resistivity of 
Cu-Al (15 at. % Al) is described. The results support the idea that at temperatures below 200°C 
the alloy is in a metastable state. Upon irradiation atomic mobilities are enhanced and the meta- 
stability is eliminated, accompanied by a decrease in resistivity. An analysis is made of the tempera- 
ture dependence of the rate of the atomic rearrangement stimulated by the irradiation. It is found 
that the activation energy for motion remains constant during the process at about 0°5 eV. A com- 
parison is made with the results of a previous experiment in which the alloy was irradiated at lower 


temperatures. 


1. INTRODUCTION 

THE LATTICE defects produced upon irradiation 
have two effects in alloys. As in the case of pure 
metals the presence of the defects themselves alters 
the properties of the alloys, as is seen most con- 
spicuously in increases in electrical resistivity and 
hardness. But in alloys the radiation-produced 
defects may have a second effect. They may sti- 
mulate by nucleation or accelerate by enhanced 
diffusion changes in the relative arrangement of the 
atoms of different types in the alloy. Since the 
properties of alloys are often very sensitive to 
such atomic rearrangements this second effect may 
predominate. 

It is sometimes possible to separate the two 
effects. It has been shown“) that when Cu-—Al 
alloys are irradiated by neutrons at about 35°C 
the resistivity decreases, reaches a minimum and 
then increases linearly upon further exposure in 
the reactor. The linear increase in resistivity in the 
latter stage of the process is believed to be the 
direct effect of the radiation-produced defects. 
Earlier in the process, however, this linear increase 
has superimposed upon it a much larger decrease 
in resistivity associated with a diffusion-controlled 
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atomic rearrangement. Since the atomic re- 
arrangement reaches a steady state, the two effects 
may be decomposed by extrapolating to zero time 
the linear increase observed in the long-time 
region of the curve. This decomposition of the 
total effect is further supported by the observa- 
tion) that only a linear increase is observed when 
the irradiation is carried out at —120°C. The 
implication is that the diffusion-controlled atomic 
rearrangement is inhibited because of the lower 
atomic mobilities at — 120°C. Thus, upon neutron 
irradiation at — 120°C a linear increase in resistivity 
is observed due to the presence of the radiation- 
produced defects but the atomic rearrangement 
that is the consequence of their motion does not 
take place at — 120°C. However, if the temperature 
of the alloy is subsequently raised above —50°C 
the defects become mobile and the decrease in 
resistivity sets in. 

The irradiation experiments on Cu—Al indicate 
that the alloy is initially in a metastable condition 
and that upon irradiation the atoms rearrange 
themselves and thereby eliminate the metastability. 
Recent X-ray diffuse scattering measurements®) 
on irradiated Cu-Al indicate that the atomic re- 
arrangement corresponds to short-range ordering, 
as was postulated earlier as a result of irradiation 
experiments on alpha-brass.°-6) The question of 
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the mechanism of the atomic rearrangement in 
these alloys has been discussed recently.) In 
terms of short-range order the metastable state 
is one in which the alloy possesses less short- 
range order than is characteristic of equilibrium 
at the irradiation temperature. Upon irradiation, 


however, the ordering reaction is stimulated and 
the alloy proceeds to equilibrium at a lower 
temperature than is normally possible. This point 


of view implies that the metastable state was 


Fic. 1 temperature. 


Schematic plot of resistivity vs. 
frozen in during the cooling from the high 
temperature used in preparing the alloy initially. 
In fact, an extension of concepts usually em- 
ployed in analysing metallurgical reactions suggests 
that in some cases it may be virtually impossible 
to cool to room temperature slowly enough to 
avoid retaining the state of affairs characteristic 
of a higher temperature. This situation is illustrated 
schematically in Fig. 1. If it were possible to main- 
tain equilibrium during the cooling, the resistivity 
would follow the full curve. At temperatures above 
T, the alloy may possess at equilibrium a lesser 
amount of short-range order,* which has associated 
with it an additional amount of resistivity indicated 
by the departure from the line C’C. However, 
under actual circumstances the resistivity upon 
cooling is thought to follow the equilibrium curve 
only down to the temperature Ts, at which temper- 
ature atomic mobilities become too low to permit 


* It may be seen that the argument remains the same 
if the equilibrium configuration above T; involves other 
types of atomic rearrangement, e.g. the dissolution of 
(GUINIER—PRESTON zones. 


and M. 
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further atomic rearrangement. Upon continued 
cooling the lesser ordered structure characteristic of 
Tz is retained and the resistivity follows the line 
B’B. The metastability at room temperature (79, 
Fig. 1) is represented by the distance B’C’. Thus, 
upon irradiation near room temperature, the alloy 
is able to achieve the equilibrium degree of short- 
range order and the resistivity decreases from B’ 
to C’. For the 15 at. per cent Al alloy irradiated at 
35°C“ this decrease was observed to be about 
0-18 pQ cm. 

Measurements of the electrical resistivity of 
Cu-Al (15 at. per cent Al) have been made as a 
function of temperature.) It was found for the 
unirradiated alloy that an additional contribution 
to the resistivity is made at temperatures above 
200°C. Therefore, we may designate 7> in Fig. 1 
as 200°C. It is the purpose of this paper to describe 
experiments that provide atest of the ideasillustrated 
in Fig. 1. Since the irradiation is considered to 
stimulate the rearrangement from the metastable 
state (dot-dash curve, Fig. 1) to the equilibrium 
state (full curve) it may be seen that, as the 
temperature of irradiation is raised above 7}, the 
magnitude of the decrease should diminish. 
Finally, since the alloy is already at equilibrium 
at the temperature 7», irradiation at 200°C and 
above should produce little or no change in re- 
sistivity. It is seen below that the observed magni- 
tudes of the decreases in resistivity upon irradiation 
at temperatures between 45°C and 250°C are in 
general agreement with this description of the 
phenomenon. Also, the kinetics of the decay curves 
are studied as a function of irradiation temperature 
and compared with the previous analysis”) of 
after irradiation at 
experiment 


similar curves obtained 
—120°C. Finally, a “step-irradiation’ 
is described in which a sample is irradiated at 


’ 


successively lower temperatures between 250°C 
and 50°C, 


2. EXPERIMENTAL DETAILS 

Single crystal samples of Cu—Al (15 at. per cent 
Al) were used. They were 1/8 in. in diameter and 
contained short nibs or projections at which the 
voltage contacts for the resistivity measurements 
were made. The samples were prepared and heat 
treated in the same manner as has been described 
previously.“-9 In particular, prior to irradiation 
they were held for several hours at 750°C and 





NEUTRON 


cooled at a rate of about 15°C/hr to room tempera- 
ture. 

The resistivity measurements were made at 
temperature while the samples were in the reactor. 
The double potentiometer method was used. ‘The 
sample was mounted inside of a wire-wound heater 
coil and the heater was placed within an aluminum 
irradiation capsule. A second auxiliary heater was 
used to reduce the thermal gradient along the 
sample. The heaters were powered with direct 
current. The sleeves used in contacting the voltage 
nibs and the lead-in wire were made of the same 
Cu-Al alloy material as the samples. The alloy 
wire was hard-soldered to copper at a point far 
removed from the hot zone. The temperatures 
were measured by two thermocouples spot-welded 
to the two voltage-contact sleeves. A third thermo- 
couple adjacent to the sample but not in contact 
with it delivered a control signal to an automatic 
temperature controller. The temperature was con- 
trolled to within + 2°C. The resistivity of each 
sample was measured prior to irradiation as a 
function of temperature between room temperature 
and about 160°C. The temperature dependence 
was linear and the temperature coefficient thus 
determined was used to correct all resistivity 


readings to the nominal temperatures given below. 

The ORNL Graphite Reactor was used for the 
irradiations. The fast neutron flux was approxi- 
mately 3 x 101! neutrons per cm? sec. 


3. RESULTS 
The in-pile measurements of resistivity upon 
irradiation at temperatures between 45°C and 
250°C are shown in Fig. 2. It is seen that the 
magnitude of the decrease in resistivity is di- 
minished as the irradiation temperature is raised. 
At 150°C the decrease in resistivity is about one- 
half of the decrease at 100°C. Also, at 200°C only 
a slight decrease in resistivity is observed and at 
250°C, only a slight increase. The degree of re- 
producibility of the data is indicated by a com- 
parision of the two runs conducted at 150°C. In 
accordance with the above discussion these results 
indicate that the initial condition of the alloy is 
characteristic of a temperature between 200°C 
and 250°C. 
It may be seen from Fig. 2 that the rate of 
approach to the equilibrium resistivity varies with 


irradiation temperature. The kinetics of the 
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AT ELEVATED TEMPERATURES 
process may be studied by normalizing the decay 
curves of Fig. 2 to their final values. For the run 
at 45°C, the resistivity was observed to decrease 
slowly even after about 2x 104 min (2 weeks). 
The final value for this run was estimated from a 


Fic. 2. Changes in resistivity upon irradiation at various 
temperatures. Cu—Al (15 at. °, Al) single crystals. The 
open and filled triangles refer to separate runs at 150°C. 


plot of the curve to a linear time scale as is shown 
in Fig. 7 of Ref. 1. The normalized decay curves 
for the 45, 100 and 150°C runs are shown in Fig. 3, 
where it is seen that the reaction goes on more 
rapidly at the higher irradiation temperatures. 


Normalized decay curves for irradiation tem- 
peratures of 45, 100 and 150°C. 


Fic. 3. 


The quantity f represents the fraction of the re- 
action not yet completed at a given time. The time, 
t, for various values of f is plotted versus reciprocal 
irradiation temperature in Fig. 4. The time, 7, is 
found to obey roughly the relation 


€M 
T = 79 exp 


kT 
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where «x7 is the apparent activation energy for 
motion. In Fig. 5 ey is plotted vs. f for the present 
experiment (triangles) and for the previous ex- 
periment) (circles) in which the resistivity de- 
crease was measured isothermally at various 
temperatures following irradiation for three weeks 
at —120°C. It is interesting that during bombard- 
ment the reaction goes on with an activation 
energy that is approximately constant at about 


Fic. 4. Times for various fractional amounts of decrease 
in resistivity vs. reciprocal irradiation temperature. 


0-5eV, whereas the activation energy increases 
from alow value to about 1-0 eV when the radiation 
dose is received at a low temperature prior to 
bringing the sample to the reaction temperature. 
In the step-irradiation experiment the effect of 
varying the irradiation temperature was investi- 
gated by irradiating the same Cu—Al (15 at. per 
cent Al) sample at successively lower temperatures. 
The initial temperature of irradiation was 250°C 
and was decreased in 25°C steps. The irradiation 
period was one-half week for all but the last few 
irradiations, at which time the period was increased 
to one week. The results of the step-irradiation 
experiment are shown in Fig. 6. The resistivity 
was observed to decrease more slowly and to a 
lesser extent as the irradiation temperature was 
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reduced. The results shown in Fig. 6 may be 
analysed with the help of the schematic re- 
presentation given in Fig. 7. The dot—dash curve, 
the full curve, and the lines B’B and C’C have the 
same significance as in Fig. 1. The bracket labelled 
““Ap”’ illustrates that the ‘“‘excess resistivity’ 
plotted in Fig. 6 refers to resistivity in excess of 
that given by the line C’C. The temperature co- 
efficient of the sample was measured before and 


Fic. 5. Activation energy for the motion of the process 
vs. the fractional decrease in resistivity. 


after the experiment and found to be the same to 
within 0-1 per cent and, thus, C’C is drawn 
parallel to B’B. After the experiment was com- 
pleted the measured resistivity values at a given 
temperature had subtracted from them the values 
given by the line C’C. In this way the temperature- 
dependent contribution to the resistivity was can- 
celled out. The validity of the temperature cor- 
rection is indicated in Fig. 6 by the extent to which 
the points measured at adjacent temperatures 
match up. Some discrepancy can be seen, e.g. in 
the joining of the data taken at 175°C and 150°C; 
but on the whole the temperature correction seems 
quite good. 

It is suggested in Fig. 7 that the sample is at the 
outset at equilibrium at 250°C and, therefore, 
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little change in resistivity takes place at this 
temperature. When the temperature is decreased 
to 225°C the resistivity is immediately decreased 
because of the temperature coefficient (short- 


dashed line labelled ‘‘225”’, Fig. 7). But in addition 


REACTOR DOWN 


Fic. 6. 
ments on Cu-Al (15 at. 


8) 


Cu-Al 


Step-irradiation experiment. 
6 Al) at successively lower 
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smaller, as is the case in Fig. 6. However, at 200°C 
and below the rate of atomic rearrangement to the 
equilibrium configuration at each new temperature 
was sufficiently low to permit measurements to be 
made as the rearrangement was taking place. 


In-pile measure- 


temperatures. 


a decrease in resistivity takes place because of the 
change in the equilibrium atomic arrangement, e.g. 
to a more ordered structure (vertical arrow, Fig. 7). 
This change occurred too rapidly at 225°C for 
measurement and only the final level is registered 


Fic. 7. Step-irradiation experiment (schematic). 


in Fig. 6 at this temperature. The vertical arrows 
in Fig. 7 indicate that the departure from the 
equilibrium configuration becomes smaller as the 
temperature is reduced and, thus, the magnitude 
of the decrease in resistivity becomes progressively 


4. DISCUSSION 

Fig. 2 shows that two main effects are observed 
when annealed samples of Cu—Al (15 at. per cent 
Al) are irradiated isothermally at various tempera- 
tures. The samples irradiated at higher tempera- 
tures undergo a smaller decrease in resistivity and 
the decrease occurs more rapidly. The smaller 
magnitude of the change in resistivity at higher 
temperatures is explained on the assumption that 
the process stimulated by the radiation corresponds 
to the transition from a metastable to an equili- 
brium configuration. The degree of metastability 
is less at the higher temperatures and, thus, a 
lesser decrease in resistivity takes place. 

As concerns the temperature-dependence of the 
rate of the reaction, it is of interest to compare 
the curves shown in Fig. 5. In the previous ex- 
periment“) the decrease in resistivity was cbserved 
after the sample had been irradiated, in which 
case, €yy was found to increase rapidly during the 
process from low initial values to a value of about 
1-0 eV. The energy of 1-0 eV probably corresponds 
to the motion energy of single vacancies.“ It 
would seem that under these circumstances the 
atomic rearrangement is brought about by virtue 
of the motion of vacancies in various states of 
aggregation. Initially the more mobile vacancy 
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aggregates make the major contribution, but as 
they become exhausted the predominant motion 
shifts to single vacancies. However, in the present 
experiment the atomic rearrangement takes place 
while the sample is being irradiated. A dynamic 
equilibrium is set up in which vacancies are con- 
tinuously being produced and annihilated; and, 
therefore, the distribution of vacancies remains 
rather constant as the process takes place. As a 
result the activation energy also remains constant 
at a value (0-5 eV) corresponding to the low end of 
the activation energy spectrum. This observation 
is to be compared with that of DreENgs and 
Damask) on alpha brass. They found that the rate 
of decrease in resistivity was temperature inde- 
pendent (zero activation energy). Their theoretical 
analysis) predicts that the effective activation 
energy for radiation-enhanced diffusion is zero 
for annealing to fixed sinks alone but is one-half 
of the vacancy motion energy when the annealing 
involves also bimolecular vacancy-interstitial re- 
combination. On this basis the latter annealing 
mechanism appears to be more appropriate for 
Cu-Al. 

Important inferences may be drawn concerning 
the nature of alloys as a result of the investigation 
described above. It may be true for many alloys 
that atomic mobilities are too low below a critical 
freezing-in temperature to permit the equilibrium 
atomic arrangement to be estabished as a result of 
thermal treatment alone. In this case physical 


properties measured at temperatures below the 
freezing-in temperature will not be characteristic 
of equilibrium. In particular the phases and solu- 
bilities shown on an equilibrium diagram may not 
be correct. However, diffusion may be sufficiently 
enhanced as a result of irradiation to allow the 
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rearrangement to the equilibrium configuration 
to take place at the lower temperatures of interest. 
Thus, as a result of irradiation the properties of 
alloys characteristic of thermodynamic equilibrum 
at low temperatures may be examined. In this way 
information may be gained concerning the nature 
of alloys that would be extremely difficult to achieve 
in the absence of the irradiation treatment. This 
investigation also indicates the need for caution 
in the use of practical materials in radiation 
environments. Since many practical alloys depend 
upon a metastable configuration for their pro- 
perties the possibility exists that in a radiation 
flux the metastable condition will be eliminated 
with a consequent deterioration of properties. 
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Résumé—Dans un semiconducteur, 4 température suffisamment basse, les porteurs restent liés aux 
impuretés dominantes. Celles-ci sont alors en majorité neutres, les impuretés compensatrices 
étant toutes ionisées. Lorsque l’on fait varier le champ électrique, le nombre de porteurs et leur 
mobilité varient. On atteint une valeur du champ telle que le phénoméne d’ionisation par choc 
prend une allure d’avalanche. Le phénoméne a été mis en évidence sur le germanium, '?) le phosphure 
d’indium,(?) et récemment sur le silictum(?) ot nous l’avons nous-mémes étudié pour des échantil- 
lons de type et de compensation différents. ‘4) 


Abstract—In a semiconductor at low enough temperature, the carriers are bound to the majority 
impurities. Most of these are then neutral, and the compensating impurities are ionized. The 
number of carriers and their mobility vary with the electric field. There is a value of the field above 
which impact ionization multiplies by avalanche. This phenomenon has been observed in ger- 
manium, (1) in indium phosphide(?) and recently in silicon,(3) where we have studied it on samples 
of different types and compensations. (4) 


I, INTRODUCTION L’ébullition de ’hydrogene liquide sous pression 
Lrs DEUX premiers problemes qui se posent, atmosphérique se fait a 20,7°K, ce qui nous donne : 
lorsqu’on veut observer ionisation par choc sur 
les impuretés, sont : kT = 1,7x10 eV 


(a) le choix de la température, donc : 
b) le choix du matériau. or 
(b) kT < &; 


La premiére condition est déterminée par la 
valeur de l’énergie d’activation des impuretés. 
Nous utiliserons les notations chassiques : 


Le nombre de porteurs est alors donné (pour le 
type N par exemple) par la formule : 


Np = densité de donneurs 
Na = densité d’accepteurs 
n = densité électronique 
N, = densité d’états dans la bande de con- ot 
duction 
' ae ; l — 482 101573/2 
& = energie d’activation de l’impureté domi- Ne = 4,82 x 10°T 
nante 


(1,0) 


et a condition que n < N4. 
Dans le silicium, pour des donneurs et accep- Pour une compensation : 
teurs classiques, avec des concentrations inférie- 


ures 4 1016 cm=3, nous avons : Np 
— = 100 


6; =~ 4x10-%a5x10-eV Na 
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la formule (1) nous donne les densités électro- 


niques suivantes : 


Tableau 1 


Point triple 
de I I> 


Ebullition de He 
sous pression atmosp. 
20°K 


0,04 eV 1,8 x 109 


0,05 eV 5,4 108 


Ce-ci nous montre que nous pouvons placer 
les échantillons dans l’hydrogene liquide en étant 
sirs d’avoir bloqué les porteurs sur les impuretés 
dominantes. Ce liquide posséde l’avantage d’avoir 
une forte chaleur de vaporisation (115 cal/g contre 
6 pour l’hélium et 48 pour l’azote liquides) 
assurant un refroidissement énergique. 

Le choix des caractéristiques de |’échantillon 
de silicium se fait en tenant compte des facteurs 
suivants : 

(1) le taux d’impureté dominante doit étre 
inférieur 4 1018 cm~%, sinon 6; = 0: il y a con- 
duction par bonde d’impureté et il n’est plus 
question de créer des porteurs par ce mécanisme. 
L’oubli de cette condition expliquerait certains 
échecs. 

(2) la densité d’impuretés ionisées vaut sensible- 
ment 


2N4 


puisque nous nous sommes placés a une tempéra- 
ture ou 


Ss Na 


Ces impuretés ionisées peuvent jouer sur deux 
plans : limitation de la mobilité, ce qui apparait 
comme secondaire; et surtout augmentation de la 
recombinaison. Or c’est elle qui, a |’équilibre, 
limite le nombre des porteurs. On peut donc 
prévoir que la création de porteurs sera d’autant 
plus facile a observer que Ny est plus faible. Nous 
sommes limités dans cette voie, par les possibilités 
actuelles de purification, vers N4 ~ quelques 
1012 cm-3, 

(3) tout en respectant le premiére condition 
{Np < 1018 cm-%), nous sommes amenés a prendre 





Fic. 1. Section efficace totale d’ionisation. 


Np assez grand. En effet, si nous approximons 
la section efficace d’ionisation®) d’une impureté 
neutre comme le montre la Fig. 1, en tenant 
compte de la correction : 

m 


OI.N. = CH, X € X —— 
m* 


(2,1) 
- 2 
(oH,)max. = 1 ,27a5 
ag = 0,53A 
m* 
— = 0,25 
m 
3 
nous pouvons calculer le nombre de chocs ionisants 


subis par seconde par un électron : 


v= Na+o'v 


(3,1) 


Nn = nombre d’impuretés neutres par cm? 
en prenant un électron au seuil d’ionisation : 


(2 &{\1/2 
- (5) 


m* 


v 


Ceci nous donne pour 
Nan = Np = 1016 cm-3 
le nombre de chocs : 
~ 108 sec] 
soit 


~ 10-7? Np 
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En conclusion, nous sommes amenés a prendre 
un matériau de compensation aussi faible que 
possible. Ce résultat avait déja été signalé par 
K6énic®, Avec les limitations qui nous sont 
imposées cette compensation sera dans le cas le 
plus favorable : 


~ 101? cm-3 


~ 1012 cem-3 
(5,1) 


106 


Ensuite nous étudierons le comportement 
d’échantillons de différentes compensations. 


II. PARTIE EXPERIMENTALE 

Classiquement les mesures de conductivité et 
d’effet Hall ne présentent aucune difficulté. 
Cependant le fait que les porteurs soient bloqués 
thermiquement entraine quelques précautions 
expérimentales. 

(1) Les échantillons peuvent étre tres résistants. 
Pour une géométrie standard : 


L = 20mm 


l1=3mm 


(1,11) 
d= 1mm 
et une énergie d’activation : 
&; = 0,04 eV 
nous obtenons a 20°K: 
R = 2,3 MQ pour Np/Na = 108 
R = 230 MQ pour Np/Na = 10. 


Nous sommes donc amenés a prévoir un 
appareillage adéquat pour les fortes résistances 
et en particulier 4 utiliser un voltmetre a forte 
impédance d’entrée (Multimesureur E.R.I.C. 
Lemouzy impédance d’entrée > 1012Q). Celui-ci 
travaillant obligatoirement avec un pole a la 
masse nous obtenons le schéma de mesure de la 
Fig. 2. 

Pour éviter de refermer des courants de fuite 
par le secteur la source de tension est obtenue a 
partir de piles ou d’une batterie d’accumulateurs 
et d’une commutatrice. Les appareils et les 
connexions sont blindés a la masse commune. 
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L’isolement général du montage (de fil a fil ou 
entre fil et masse) est de 5x 10!2Q (essais sous 
haute tension). 

(2) Plus basse est la température moins |’effet 
des contacts est négligeable. Nous avons utilisé 
le procédé de nickelage Electroless qui est assez 


© +H.T. © -HT 


Fic. 2. Schéma de mesure. V = Voltmétre G = Gal- 
vanométre, wA = micro-ampéremétre, E = Echantillon. 


capricieux. On ne peut éviter qu’il y ait une mince 
couche de silice entre le nickel et le silictum. Nous 
avons vérifié expérimentalement que les mesures 
de conductivité sont entachées d’erreur lorsque 
l’on omet de mettre des sondes. La phrase rituelle 
“Contacts ohmiques et non injectants a toute 








Fic. 3. Dessin schématique d’un échantillon, Parties 
nickelées et soudées en hachures. 


température” est a lorigine de bien de deé- 
convenues. Si un bon contact se voit peu, un 
mauvais contact peut, 4 basse température, tenir 


‘ 


1.000 V en inverse sans “‘claquer’’. 

Afin d’éviter les résistances de contact élevées, 
nous avons réalisé des échantillons suivant le 
dessin de la Fig. 3. Nous les obtenons en découpant 
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une rondelle de silicitum avec un jet de sable, la 
buse de la sableuse étant montée sur un chariot 
de tour dont l’un des mouvements est entrainé par 
un moteur a vitesse variable et muni d’un vernier. 
Ce-ci nous a permis de réaliser une géométrie 
bien parallélépipédique et des sondes d’effet 
Hall bien face a face. 

Ces deux points sont importants : 
loi d’Ohm n’est pas suivie, et que la géométrie 
n’est pas de translation parallelement au courant, 


lorsque la 


les lignes de courant se déplacent quand le champ 
électrique varie. Il s’ensuit qu’une mauvaise 
géométrie nuit 
absolues (incertitude sur les dimensions) mais 
aussi aux mesures relatives. 

Pour mesurer |’effet Hall, les montages classiques 
ne conviennent pas (Fig. 4): l’un parce qu'il 


non seulement aux mesures 


GQ 


Fic. 4. Montages de mesure de 1’effet Hall. 


déforme les équipotentielles, l’autre parce qu’il 
nécessite la mise en parallele sur |’échantillon 
d’un potentiometre de résistance nettement plus 
grande. Ce qui entraine quelques complications 
quand le circuit de sonde peut atteindre 109Q. I] 
reste alors a aligner les sondes de telle sorte que 


(2,11) 


ou. 6 est l’angle de Hall. Or nous savons que la 
mobilite de Hall varie avec le champ magnétique, 
mais que cette variation est faible si : 


tg@ = 10-8uy x H ~ quelques pour cent. 
Il faut donc: 
} degre. 
(3) Le nombre de porteurs est trés sensible a la 


température, comme le montre la formule (1,1). 
En effet : 
An e AT 
loge: 


3,11) 
n eb 


et, pour l’hydrogene a 20°K: 


T = 4,4x 10-3 x Ap(mm Hg) 


= 1 pour cent pour Ap = 5 mm Hg. 


Cette condition est plus contraignante au point 


triple, ol nous avons : 


An " : 
= 15 pour cent pour Ap = 5 mm Hg. 
n 
Ceci donne une idée de la précision avec laquelle 
doit étre réglée la pression lorsque |’on désire faire 
varier la température du bain cryogénique. 
Le formule (3,11) nous donne aussi : 
An AT : 
— = 10—a20°K 
n 7 


(4,11) 


Or une certaine puissance électrique est dissipée 
dans |’échantillon. Si nous voulons que la variation 
du nombre de porteurs qui en résulte soit in- 
férieur 4 5 pour cent il faut que |’élévation de 
température ne dépasse pas le 1/10° de degré. 
Nous avons étudié le probleme de |’échauffement 
dans les deux cas limites suivants : 

(a) la température est uniforme dans |’échantil- 
lon, mais supérieure a celle du bain 

(b) la surface de I’échantillon est a la température 
du bain, mais il existe un gradient a ]’intérieur. 

Dans |’étude de ces deux cas, nous avons revu 
les résultats assez intuitifs suivants : 

si la longueur LZ est supérieure nettement 
aux dimensions transversales, elle n’intervient 
pas. 
- la section / d doit étre aussi faible que 
possible. 

— pour une section donnée, il faut une géomeé- 
trie aussi plate que possible: d < 1. 

Nous en avons déduit une puissance maxima 
admissible de l’ordre du Watt pour la premiere 
condition, et de 1/10° de Watt pour la seconde 
(pour la géométrie de |’échantillon et le liquide 
réfrigérant indiqués). Si cet ordre de grandeur 
parait énorme par rapport a certaines experiences 
préalables, nous nous permettons de signaler 
que, entre une réfrigération a courant gazeux et 
le contact direct avec un liquide a forte chaleur 
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Fic. 5. Appareillage cryogénique. 


Tableau 2 








Gaz 


Température d’ebullition 


(p 1 atm.) (°K) 


Chaleur de vaporisation 
(cal /g) 
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Fic. 6. Régulation de la température par la pression. D = Dewar R = Réserve 
F = Fuite réglable. 


Fic. 7. Conductivité électrique en fonction du champ’ Fic. 8. Densité de porteurs et mobilité de Hall en 
électrique. Echantillon N1. fonction du champ électrique. Enchantillon N1. 
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de vaporisation, il y une différence énorme. La 
comparaison entre les différents gaz (Tableau 2) 
montre la position privilégi¢ée de l’hydrogéne a 
ce point de vue. Ajoutons que : 

(a) pour la mise en évidence de |’avalanche, 
la puissance dissipée dans l|’échantillon était 
inférieure a 10-3 W. 

(b) dans la zone d’avalanche, des mesures en 
continu et en impulsions se sont révelées con- 
cordantes jusqu’a plusieurs Watts, car, dans cette 
zone, la création due au champ électrique est si 
intense qu’elle masque facilement une légere 
création thermique. 

(4) Il reste une derniere précaution : éviter de 
recréer par la lumiére les porteurs bloqués thermi- 
quement. Une enceinte maintient le Dewar dans 
lobscurité (Fig. 5). Nous avons aussi placé 
nos échantillons dans une enceinte métallique a 
la température de Ilhydrogene liquide afin 
d’éliminer aussi Jl infra-rouge lointain. Nous 
n’avons constaté aucune différence dans nos 
mesures. 

Nous ajouterons que l’état de la surface ne 
semble pas jouer de réle décelable a la précision 
de nos mesures. On voit sur la photographie que 
la partie utile de l’un des échantillons—le plus 
résistant—a été polie chimiquement. Les autres 
échantillons ont une surface sableée. 

La Fig. 6 montre le principe de la régulation 
de température. 


Ill. RESULTATS 
Nous avons tracé les courbes (conductivite, 
mobilité et nombre de porteurs) relatives a trois 
échantillons N et un échantillon P, dont les 
caractéristiques sont rassemblées dans le tableau 
suivant : 


Nous pouvons dégager de ces expériences les 
traits suivants: 

(1) Comme il était prévisible, le champ d’ava- 
lanche croit lorsque Np/N 4 décroit. La comparaison 
est particulierement frappante pour N1 et N2 
qui ont a peu pres le méme nombre de donneurs, 
mais different fortement par le nombre d’ac- 
cepteurs (Tableau 4). 

(2) Nous pourrons diviser les courbes o(F) en 
trois régions : 

— une région ohmique, pour E < 10 V/cm. 

— une région de création modérée : 


10 Viem< E< Ey 


— une zéne d’avalanche pour F = £4. 

La zone de création modérée présente un 
maximum secondaire pour N3, qui correspond 
aun palier de la courbe n(F), avec : 


~ 100 V/cm 


= 3no. 


Nous en donnons I|’explication suivante : pour 
un échantillon compensé comme N3, le champ 
d’avalanche est repoussé vers des valeurs élevées de 
E (1.400 V/cm). Vers 100 V/cm, la création par 
choc sur les impuretés neutres est trés faible. 
L’équation du nombre de porteurs est approxima- 
tivement : 


CNp— Na) Ct 
ie npc 3 
R(E) 


2a = — =e 


R(E)x Na 


Tableau 3 


Impureté 
Echantillon dominante 


| Phosphore 





N1 7-8 Npb'Na 


N2 9-10 





Antimoine Np/N 








Antimoine 


11-12 





Bore 


13-14 





Compensation 


5,000 


Mobilité a 20°K a Champ 4a I|’avalanche 


bas champ électrique 
(cm?/V sec) 


19.3000 


20 5.000 





4.300 





16.000 
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Fic. 9. Conductivité électrique en fonction du champ 
électrique. Echantillon N2. Fic. 12. Densité de porteurs et mobilité de Hall en 
fonction du champ électrique. Echantillon N3. 


Fic. 10. Densité de porteurs et mobilité de Hall en 
fonction du champ électrique. Echantillon N2. 


Fic. 11. Conductivité électrique en fonction du champ Fic. 13. Conductivité electrique en fonction du champ 
électrique. Echantillon N3. électrique. Echantillon de type P. 
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Fic. 14. Densité de trous et mobilité de Hall en fonction 
du champ électrique. Echantillon P. 


mo = nombre de porteurs pour E = 0) 

R(0) = taux de recombinaison directe 
E=0 

taux de recombinaison directe pour 
E#0 

C; = taux de création thermique 


pour 


R(E) = 


Quand le champ électrique croit, le taux de 
recombinaison décroit, et il est tres probable 
qu’il tende vers une limite R». D’ow le palier dans 
le nombre de porteurs. La fin du palier, pour 


E ~ 200 V/cm 


est due au fait que le phénomene de création par 
choc prend alors une importance non négligeable, 
et se traduit par une augmentation plus rapide 
de n. Si cette interprétation est exacte, le 
phénoméne sera encore plus marqué pour des 
échantillons plus compensés. 

(3) Les courbes de mobilité ont toutes la méme 
allure : croissantes avec FE, elles passent par un 


N 
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maximum vers 100 V/cm et décroissent fortement 
au moment de l’avalanche. La croissance initiale 
avec le champ électrique semble indiquer que la 
diffusion par les impuretés ionisées domine. Ce 
résultat n’est établi en toute rigueur que dans 
approximation des électrons chauds); néan- 
moins, la section efficace étant proportionnelle a 
1/v3, le temps de relaxation croit lorsque la vitesse 
moyenne (ou l’énergie moyenne <é>») de la 
distribution croit. On sait que, dans les mémes 
conditions, la mobilité resterait constante avec 
le champ électrique si elle était die a la diffusion 
par les impuretés neutres. 

La concordance entre les valeurs de » mesurées 
a bas champ électrique et les formules correspon- 
dantes, est mauvaise, comme le montre le Tableau 
4 pour les échantillons de type N. 

Les formules utilisées sont : 

pour les impuretés ionisées 


84/(2) K{RT)3/2 


w/(ar) m*1/2Nie3 


4,94 x 1019 
weereserinivean SPR 
Ni 


avec une correction: celle de CONWELL et 


WEISSKOPF') : 
flog(1 + X?)}-1 
7 x 10° 


X = 
(N;,)1/3 


a 20°K 


ou celle de BROOKS—HERRING"®) : 
b 


log(1+6)- 
g(1 +4) ve 
2 4 1017 
- a 20°K.* 
no 


* Cette expression suppose que les porteurs, de 
densité mo, sont responsables de |’effet d’écran. Or nous 
savons (pour le type N par exemple) que, a la tempéra- 
ture ol nous sommes placés : 
No N { N; 7 LN 

et que ce sont les centres fixes d’un signe qui sont, en 
fait, écrantés par les centres fixes de |’autre signe. II 
faut alors remplacer no par Na. 
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Tableau 4 


Mobilité Mobilité calculée (cm? V sec) 


Données mesurée 
Impuretés ionisées Impuretés 


, (cm*/V sec) sans correction correction neutres 
) Np(cm~*) | 2o(cm~*) : 
KH correction C.W. 


300 5 7 5. et 34.000 


5.000 3, i 37.2 4.700 20.000 


300 a 55.000 560.000 


pour les impuretés neutres, la formule est caractéristique du type de collision: soit : 


a? > ’ re (1])- : : 
d’ErGinsoy()); f=1 impuretés neutres 
7.2 20 
2.8 x 10 (5.111) 1,18 phonons 
Nn ‘= 1,93 impuretes ionisées. 


ou 7 ae 5 
En faisant croitre H, nous avons obtenu, dans 


je 8 ‘nsité d’impuretés ionisées = 1) . 
N densite d’imy USES eentene la région ohmique, pour N2: 
Nn densité d’impuretés neutres 

iq ) eee = ‘ 
ng = densité électronique tH = 5.000 cm?/V sec pour H = 1.000 G 


Nous voyons sur le ‘Tableau 4 que la concordance tH = 3.300 cm?/V sec pour H = 15.000 G. 


n'est bonne que pour N2. L’échantillon N3 Pour N1, la variation de xy avec H dans la 
posséde une mobilitéanormalement basse, peut-étre région ohmique est représentée Fig. 15. Le champ 
due a des impuretés formant des niveaux profonds, ; 
ne modifiant donc pas le nombre de porteurs, mais | 

™ 


en nombre suffisant pour diminuer la mobilité. 
Pour l’échantillon N1, c’est la mobilité calculée a eae 
a partir des impuretés neutres qui se rapproche 
le plus de la mobilité mesurée. 
Nous savons que, si nous disposons d’un champ 
magnétique assez intense pour réaliser la condition : 


tg? = wextT>!] (6,111) 
nous obtenons: 
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ph Fic. 15. Variation de la mobilité de Hall avec le champ 
magnétique. Echantillon N1. 

Mais que, par contre, si H est assez faible, de 

magnétique n’est pas suffisant pour conclure de 

fagon formelle. Il semble cependant que seules 

les impuretés ionisées permettent une telle 


telle sorte que 
tg6 
le rapport , . 
PP décroissance de py avec H. 
SHOCKLEY?) a exposé pourquoi la formule de 
Conwell—Weisskopf est fausse a basse température. 
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Soit a, la distance moyenne entre impuretés 
ionis€ées : 


qui vaut : 
103 A si N; = 104 cm-3 
a= 104A si N; = 10!° cm-. 
L’énergie d’interaction électrostatique vaut : 
€ = 0,06kT a T = 300°K 


(7,111) 
6 #kT aT = WK 

Si, a température ordinaire, |’électron doit 
s’'approcher de a16 du centre diffuseur pour 
subir une déviation appréciable, il n’en est plus 
de méme a basse température. D’autre part, le 
temps passé par |’électron dans la cellule d’aréte 

a, est en premiere approximation : 


/ (300 
} = 4 fois plus grand. 


Rie 


Donec, si pendant ce temps I|’électron perd une 
fraction de son énergie (par émission d’un phonon), 
il peut se piéger sur un état excité du centre chargé 
(quand celui-ci est positif, doneur ionisé), On 
rejoint ainsi la notion de “‘piege géant’’ introduit 
par Lax"), Le rayon de la premiere orbite de 
Bohr dans le silicium est de 25 A et par con- 
séquent : 


a = 108 A correspond l'état excité 


a = 104 A correspond I’état excité n 


Enfin, l’importance d’un tel mode le recombinai- 
son doit croite avec l’energie moyenne de la 
distribution. 

(4) Pour des champs magnétiques de l’ordre de 
10.000 Gauss, nous avons observé un phénomeéne 
de magnéto-résistance négative pour les échantil- 
lons les plus conpensés (N2 et N3). Cet effet ne se 
produit que si B posséde une composante per- 
pendiculaire a £. Il intervient dans la zéne ov 
l’ionisation est trés faible (et correspond au palier 
du nombre de porteurs dans N3). Dans cette 
zone, le nombre de porteurs varie comme R-4(E); 
effet du champ H serait donc de modifier la 
recombinaison. Nous signalons a l’appui de cette 
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hypothése que le rapport de la force magnétique 
a la force électrique : 


oul n représente la n'*™® orbite’de Bohr. 
Ce rapport est égal a l’unité dans le silicium, 
pour : 
| l’état excite n= 10 
l of (8, IIT) 
| le champ magnétique H = 104G 


Expérimentalement, nous avons tracé la con- 


ductivité en fonction du champ électrique 


} 


Ee 
a 


> 


E. 9 cm 


v/C 


Fic. 16. Effet d’un champ magnétique transverse sur 
la variation de la conductivité en fonction du champ 
électrique longitudinal. Echantillon N2. 


longitudinal, en présence du champ magnétique 
indiqué Figs. 16 et 17, perpendiculaire au champ 
électrique. 

On peut objecter que le champ total régnant 
dans |’échantillon est 


E= E+E, 
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pour les champs magnétiques utilises. Ceci revient 
a corriger E, d’un facteur 1/2 au plus, pour 
en fonction du champ électrique total. 


obtenir 6 
Le phénoméne disparait alors pour N2, mais se 


maintient pour N3. Nous voyons donc que ce 
sont les échantillons les plus compenseés (Np/Na 
faible) qui présentent les proprictés les plus 
curieuses. 

(5) Nous noterons enfin un effet comparab/e 


an 


Fic. 17. Effet d’un champ magnétique transverse sur la 
variation de la conductivité en fonction du champ 
électrique longitudinal. Echantillon N3. 


a celui observé par Sasakr4) et ses collaborateurs. 


Lorsque la loi d’Ohm 
j=oEk 


n’est plus vérifiée scalairement (oc varie), elle ne 
l’est plus vectoriellement : les vecteurs ; (densité 
de courant) et E (champ électrique) ne sont plus 
colinéaires. Nous remarquerons 
projection de l’angle (£, j) sur le plan de !’échan- 
tillon que nous mesurons ainsi. Les résultats sont 
portés Figs. 19 et 20. Il nous est difficile d’en tirer 
des résultats, les échantillons n’ayant pas été 


que c’est la 


préalablement orientés. I] semble cependant que 
l’on puisse atteindre ainsi le scattering inter-valleé, 
qui fut un moment présenté comme un obstacle 
au phénoméne d’ionisation par choc des impuretés 
dans le silicium 5), 
Expérimentalement, nous avons procédé de la 
maniére suivante : 
dans la région ohmique, nous mesurons la 
tension £, qui apparait entre les deux sondes d’effet 
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Fic. 19. Projection sur le plan de l’échantillon de 
l’angle entre le champ électrique E et la densité de 
courant J. Echantillon N1. 


Hall en l’absence de tout champ magnétique. 
Nous en déduisons l’angle B que fait la droite 
joignant ces sondes avec la perpendiculaire au 
courant. Nous trouvons : 

Ey 

— = constante ~ 10-° 

Ex 
Comme E,; < 10 V/cm pour que 1’échantillon 
soit ohmique, F,, varie de 10-100 mV/cm. Lorsque 
la loi d’?Ohm n’est plus suivie, nous mesurons, 
suivant le sens relatif de B et «: 


at+B = E,/E, (9, IIT) 


L’angle « étant obtenu par différence, sa mesure 


fom 


Fic. 20. Projection sur le plan de |’échantillon de l’angle 


entre le champ électrique EF et la densité de courant J. 
Echantillon N2. 





des quatre échantillons 
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n’a de sens que si 


a>Bp 


a = (£, J). 
Mais nous avons vu que, pour l’effet Hall, nous 
avons (2,11): 


et par conséquent « et @ peuvent étre du méme 
ordre de grandeur. En fait, quand E croit, l’angle 


Fic. 21. Défauts de géométrie des échantillons. Défini- 
tion des angles «, f et 0. 


x l’emporte sur l’angle @ et la précision sur |’effet 
Hall diminue d’autant. Ces angles sont représentés 
Fig. 21, moins l’effet de 
négligeable a bas champ magnétique. 


magnéto-résistance 


1V. DISCUSSION 

Malgré sa simplicité de principe (chocs ioni- 
sants), le phénomeéne d’ionisation des impuretés 
neutres par les porteurs n’a pas donné lieu a 
une théorie satisfaisante. I] nous faut signaler en 
particulier qu’il n’existe pas de formule valable 
reliant le champ d’avalanche aux caractéristiques 
du matériau et ala température. Des considérations 
de “bilan détaillé’? ont conduit K6nic@® 4a 
écrire l’équation : 

dn/dt = nombre porteurs créés — nombre por- 
teurs recombinés = 0 ce qui introduit un certain 
nombre de facteurs inconnus, mais permet 
cependant de prévoir que 


(1,1V) 


E, 7 quand(~? — 1) ‘ 
LVA 
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sans donner la dépendance Fa(Np, Na, T), ce qui 
était prévisible. 

Nous savons que l’étude des phénomenes de 
transport a haut champ électrique est résolue dans 
le cas ot! les échanges d’énergie par chocs inter- 
électroniques sont dominants.“”) Nous pouvons 
alors définir une température électronique 7, 
différente de la température 7 du réseau, et 
écrire la fonction de distribution : 

(P—Po)* 

— - (2,IV) 

2mkT, 


avec l’hypothese complémentaire : 


f(D) = exp — 


Po - 
2mkT, 


qui traduit le fait que l’énergie cédée a la popula- 
tion électronique sert principalement a élever sa 
température. A basse température, lorsque la 
densité électronique est faible, et les collisions 
inter-électroniques rares, cette méthode risque de 
n’étre qu’une mauvaise approximation. On peut 
s’en persuader d’apreés les calculs d’ApDawi18) ow 
il est démontré qu’un taux d’impuretés ionisées 
assez faible pour modifier la mobilité 
(2 pour cent), donne a haut champ électrique des 
écarts de 30 pour cent. Les conditions sont encore 


ne pas 


plus graves a basse température, car les chocs 
contre les impuretés sont nettement plus fréquents 
que les chocs sur les phonons acoustiques. 
Nous pouvons évoluer grossiérement la 
fréquence de ces chocs, dont le réle est le suivant: 
(a) sur les impuretés distribution 
angulaire des porteurs (v;). 


ionisées, 


(b) sur les phonons, limitation de l’énergie de 

la distribution (vpn). 

(c) inélastiques sur les 

création de porteurs (v,). 

Pour un électron thermique, la mobilité mesurée 
(~ 104 par exemple) ou calculée (~10®, pour les 
phonons) donne une idée de la fréquence de 
chocs : 


impuretés neutres : 


; = 1012 sec 
1010 sec 
nm = VY 
Un électron, au seuil d’ionisation, d’energie : 


E; =~ 2 kT aT = 20°K, 
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a une vitesse 5 fois plus grande. Connaissant la 
variation de 7 avec v, nous en déduisons : 
8 x 109 sec™! 
1019 sec l 
1015, d’aprés (4,1). 
(4,1V) 


108 sec-!, pour Np = 


En conclusion : 

(a) si nous négligeons le phénomene d’ ionisation, 
nous voyons que les transitions électroniques sont 
commandées a faible vitesse par les impuretés 
ionisées, a grande vitesse par les phonons. II faut, 
de toutes fagons, tenir compte de ces derniers 
dans la recherche d’une solution au-dela du 
premier ordre (qui donne la loi d’Ohm), puisqu’ils 
limitent l’énergie de la distribution. 

(b) Nous voyons par contre que les chocs ionisants 
sont moins fréquents que les précédents, et qu’ils 
pourraient donc étre négligés dans |l’opérateur 
de collision. Nous pouvons supposer qu’ils modi- 
fient trés peu la forme de la fonction de distribution 
f(k, E).* Il existe une objection a cette fagon de 
voir: la décroissance brutale de la mobilité au 
moment de l’avalanche, vérifiée pour tous les 
échantillons. 

Nous ferons 
pression (4,1) donne une idée du temps de mise 


une derniére remarque. L’ex- 
en é€quilibre du nombre de porteurs (largement 
plus grand que le temps de mise en équilibre de 
la distribution); si nous admettons qu’il faut une 
dizaine de chocs pour que cet équilibre soit 
réalisé, (ce qui est trés arbitraire), nous trouvons 
un ordre de grandeur : 


108 


— SEC 
Na 


t = 10 msec pour Np = 10!6 cm? - 
(5,1V) 


t= 10usec pour Np = 108 cm-3 


soit donc un ordre de grandeur facilement ob- 


servable pour un échantillon de 400 Qcm a 


température ordinaire. On peut expliquer ainsi 


les mesures de KOniG@® : pour le germanium, 


* Le calcul de Woxrr(!9), sur l’ionisation bande a 
bande, a été fait dans l’hypothése inverse. La fonction 
de distribution est alors fortement perturbée au-dela 


du seuil @’ionisation. 
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la correction e m/m* est environ 3 fois plus grande 
que pour le silicium. Donec, pour Np = 2x 101% 
cm~8, t ~ quelques yp sec. 

En fait, un calcul de bilan détaillé montre que 
t passe par un maximum, qui vaut approximative- 


(") 


ni 


ment : 


x (noRo)! 2x pl/2 (6,1V) 


= densité de porteurs a l’équilibre 
densité de porteurs a bas champ électrique 
= densité de porteurs d’énergie supérieure 
a Gi 
Ro = taux de recombinaison 4 bas champ 
électrique 
= fréquence des chocs ionisants par un 
porteur 
et le temps de réponse est maintenant : 
t proportionnel a v~!/2, au lieu de v~-! précédem- 
ment. 

Cette formule est obtenue grace a des approxi- 
mations assez grossiéres. De toutes facons, il est 
évident que la mise en évidence de ¢ doit se faire 
sur des échantillons assez purs, puisque : 

t + si Np 

La formule (6,[V) permettrait d’atteindre ni/n, 
soit la fraction de la distribution responsable de 
ionisation. Ce nombre doit étre faible, on peut 
s’en persuader de la maniere suivante : nous savons 
que la condition de validité de la loi d’?Ohm s’écrit : 


Up Sv, 


= vitesse moyenne dans le sens du champ 
électrique = pE 
= vitesse moyenne d’agitation thermique. 
A cette condition, la fonction de distribution pour 
un champ FE donné, est celle pour # = 0 décalée 
de Po ° 


me (P—Po)? 
{(p, E) = exp 
sisi 2mkT 


et l’énergie moyenne des porteurs est : 


E> = $kT+ 4m*v?2. 


Prenons les différents échantillons au début 
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l’avalanche: si nous leur appliquons vp = ph, 


nous trouvons : 
2 x 108 cm/sec 


N1 : up - 


N2 : vp = 2x 108 cm/sec (6,1V) 
N3 : vp = 8x 108 cm/sec 

alors que la vitesse moyenne d’agitation thermique 

vaut sensiblement : 


v = 6x 106 cm/sec a 20°K. 


Bien qu’utilisé en dehors de ses limites de 
validité, ce modéle nous montre que l’energie 
moyenne de la distribution a au plus double, et 
que par conséquent le nombre de porteurs 7; 


d’energie supérieure a 6; est faible, puisque : 
6; =~ 20a 25 RT. 


C’est donc bien la “‘queue de la distribution” qui 
est responsable de |’avalanche. 


CONCLUSION 

L’étude des phénomenes de conduction en 
fonction du champ électrique, dans le silicium 
(de type m ou p) a basse température, met en 
évidence |’effet d’ionisation par choc des impuretés 
neutres par les porteurs présents. Les courbes de 
la densité des porteurs et de leur mobilité en 
fonction du champ électrique ont éte tracées pour 
divers échantillons, montrant |’effet important de 
la compensation sur l’allure des phénomenes, et 
en particular sur le champ d’avalanche; les deux 
valeurs extrémes observées pour ce dernier sont : 
100 V/cm et 1.400 V/cm. Pour tous les échantillons 
de type m, un effet analogue a celui observé par 
Sasak1(4) a été mis en évidence. Enfin, ce sont 
les échantillons les plus compensés (de méme 
que pour le germanium) qui montrent les 
propriétés les plus curieuses : 
courbe du nombre des porteurs, effet de mag- 
nétorésistance négative dans la méme région. 


palier dans la 
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Parmi les divers développements possibles de ces 
expériences, l’étude d’échantillons trés compensés 
et la mise en évidence de la fin de l’ionisation 
sont actuellement poursuivies par ZYLBERTSEJN. 
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ASPECT PHENOMENOLOGIQUE DE QUELQUES 
PHYSIQUES DU PLUTONIUM ET DES 
PLUTONIUM-ALUMINIUM 6 


PROPRIETES 
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Résumé—Les anomalies de résistivité et de pouvoir thermoélectrique observées a basse température 
dans le Plutonium et les Plutonium—Aluminium 64 sont interprétées comme dues a une transformation 
ordre—désordre. De |’évolution de l’ordre local au-dessus de la température critique, on déduit le 
nombre d’électrons de conductibilité : ce nombre décroit de 1 4 0,8 par atome, lorsque la teneur 
d’Aluminium passe de 0 4 10 pour cent, dans les solutions solides 6. La nature possible de l’ordre a 
basse température est discutée 

L’anomalie d’expansion observée en phase 6 et dans les solutions solides 6 est liée 4 un mécanisme 
thermiquement activé. L’énergie d’activation correspondante croit linéairement de 0,17 4 0,27 
eV /at., lorsque la teneur d’Aluminium passe de 0 a 5 pour cent. 


Abstract—The low temperature anomalies of electrical resistivity and thermoelectric power 
observed in Plutonium and 6 Plutonium-—Aluminium solid solutions are interpreted in terms of an 
order—disorder change. A study of short-range order above the critical temperature indicates a de- 
crease in the number of conduction electrons from 1 to 0-8 per atom as one goes from pure 6 Plu- 
tonium to the 10 at. pour cent Aluminium 6 solid solution. The possible nature of the low tempera- 
ture order is discussed. 

The anomalous expansion observed in 5 Plutonium and 6 Plutonium—Aluminium solid solutions 
is related to a thermally activated process. The corresponding activation energy increases linearly 


from 0°17 to 0:27 eV/at. as the Aluminium atomic concentration goes from 0 to 5 per cent. 


1. INTRODUCTION 

Les PROPRIETES physiques du Plutonium et de 
certains alliages riches en Plutonium présentent 
des anomalies tout a fait remarquables, générale- 
ment communes 4 toutes les phases, aussi bien les 
phases «, £, y, de basse et moyenne températures 
que des phases 6, 6’, «, de haute température. 

Deux proprictés indiquent dans toutes les phases 
une forte densité électronique au niveau de Fermi: la 
chaleur spécifique électronique" et la susceptibilité 
magnétique.*) Elles sont élevées et varient peu 
avec la température. En particulier, la variation de 
la susceptibilité magnétique avec la témperature 
ne laisse pas apparaitre d’anomalie associable a 
une transition ordre—désordre magnétique.) Par 
contre, la chaleur spécifique du Plutonium « 
présente un double pic vers 50°K et un pic simple 


vers 125°K.4 


La résistivité électrique est forte et, a tempéra- 
ture assez élevée, varie peu avec la température. 9%) 
Dans le Plutonium ~, on observe de 0° K a 100°K 
une croissance tres rapide suivie d’un maximum 
vers 105°K, auquel succede une décroissance con- 
tinue jusqu’a la transformation «f. L’anomalie de 
résistivité est analysable en T~!. Le phénomene 
a méme allure dans le Plutonium 34, stabilisé 
jusqu’a basse température par des additions 
d’aluminium, la décroissance qui suit le maximum 
est cependant un peu plus rapide et est suivie d’un 
minimum au-dela duquel la résistivité croit faible- 
ment. Les positions du minimum et du maximum 
varient avec la concentration d’ Aluminium (Fig. 1). 

Le comportement de la résistivité électrique du 
Plutonium est analogue a celui que l’on observe 
dans certaines substances présentant a basse 
température un ordre magnétique ou atomique. 
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Ainsi le maximum de résistivité correspondrait-il 
a une transition ordre—désordre qui pourrait étre, 
comme l’a suggéré Friedel (/oc. cit.) une transition 
ordre—désordre atomique, analogue a cellesque 
l’on observe dans les substances ferroélectriques 





» £e.f2cem 


Resistivite 











Temperature, 
Resistivites des solutions solides Plutonium— 
Aluminium 6. 


Fic. 1. 


pour le Plutonium « de structure tres complexe, 
ou bien une transition de l’état antiferromag- 


nétique a l'état paramagnétique pour les Plu- 
tonium—Aluminium 4, dont la symétrie cristalline 


<< 
° 





' 


thermoelectrique, 


Pu+35%at.A 








Pouvoir 





200 30( 4 500 
Temperature, 
Fic. 2. Pouvoir thermoelectrique absolu du Plutonium 


et d’une solution solide Plutonium—Aluminium 6 a 
3,5 pour cent at. Al. 


est trop élevée pour permettre un comportement 
ferroélectrique. On note un tel comportement 
dans les alliages MnCu™) et CrFe,'8) ot le maxi- 
mum de résistivité correspond a la température de 
Néel déterminée par diffraction de neutrons. 
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Le pouvoir thermoélectrique est toujours 
positif.“©) Il prend des valeurs élevées dans les 
phases «, B, et y, et plus faibles dans les phases 
6, 5’ et e«. Le pouvoir thermoélectrique d’un 
Plutonium 6 par 3,5 at. pour cent 
d’aluminium laisse apparaitre une cassure avec 
changement de pente positif 4 une température 
tres voisine de celle pour laquelle on observe un 


maximum de résistivité (Fig. 2). 


stabilisé 





4,640 


cristallin, o, 


' 
ametre 


Por 











20 30 
Temperature, 
Fic. 3. Variation du paramétre cristallin avec la tem- 
solutions solides Plutonium—Alu- 
minium 6. 


pérature pour les 


Enfin les phases 6 et 8’ présentent un co- 
efficient de dilatation négatif.©) Le phénoméne 
est aussi observé dans les Plutonium—Aluminium 
5, mais il disparait progressivement lorsque la 
teneur en Aluminium croit ou si la température 
décroit (Fig. 3). 

Nous nous proposons d’étudier l’aspect phén- 
oménologique de ces propriétés et d’en tirer les 
conclusions qui éventuellement s’en dégageront. 


2. ETUDE DU COMPORTEMENT DE LA RESIS- 
TIVITE ELECTRIQUE ET DU POUVOIR THERMO- 
ELECTRIQUE AU VOISINAGE D’UNE TRANSFOR- 
MATION ORDRE-DESORDRE 
2.1 Résistivité électrique 
De GENNES et FRIEDEL™®) et Beat!) ont étudié 
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théoriquement la variation de la résistivité au 
voisinage d’une transition ordre—désordre. Dans 
le cas d’une transition magnétique, la résistivite 
peut s’analyser en plusieurs termes—un terme du 
aux vibrations du réseau, proportionnel a 7, pour 
les hautes températures : pyT 

un terme di aux diffusions désordonnées des 
électrons par les moments magnétiques localisés 
a chaque atome. Ce terme est lié aux degrés 
d’ordre a longue distance et d’ordre local présents 


dans la substance. II s’écrit : 


Pm (2.1 ) 


le 
+(]- dh”) {(RrD) Pn 
T 


ou pm, représente la résistivité due au désordre 


total. d est le parametre d’ordre a longue distance. 


K ) 


FY 
Fic. 4. Variation du rapport pm(T T, avec le 
paramétre krD. 


) Pmo 


Le crochet représente la contribution due a l’ordre 
local. 7, est la température de transition, ky le 
vecteur d’onde au niveau de Fermi, D la distance 
entre atomes magnétiques voisins. 
3 sin 2krD 

f(ReD) = cos 2krD — 

2(keD)? krD 
1—cos 2kpD 
+ —— .2) 
2(RkrD)? 


Cette analyse est valable pour un systéme 
ordonné de structure c.f.c., dans lequel la tendance 
a l’ordre local est isotrope. 15) 


A T- en particulier ona 


pm Ic) - [1 +f(krD)]om, 
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Pm Tc), Pm, en 
représentées 


variations du quotient 


parametre krD sont 


Les 
fonction du 


Fig. 4. 


2.2 Pouvoir thermoélectrique 
thermoélectrique est donné, au 
Debye, par la 


Le pouvoir 


dessus de la température de 
formule?) 


12k C log p 
z (2.4) 
3 e} c Ep 
ou Ep est l’énergie de Fermi, et p la résistivité 
totale. 

Nous allons étudier la variation du pouvoir 
thermoélectrique d’une solution solide diluée, 
riche en atomes magnétiques et présentant un 
point de transition antiferromagnétique. Nous 
supposerons le terme de résistivité da aux diffu- 
sions par les atomes magnétiques et par les atomes 
étrangers tres supérieur au terme du aux vibrations 
du réseau. Dans ces conditions : 


7 Al 


p = pol +patpm(1—42)]1+ (1-9) — flkeD) 


ppl - Pm 
= (pat+pm,)|1+ —_ a 
PAT Pm PAtPm, 
Te pm 
+(1 — ¢*)* - > : {(krD) 


T PAt+Pm, 
Au voisinage de la température de transition, 
¢ est petit ou nul; f(ApD) est petit, de l’ordre de 


0,15 au plus. Donec S peut s’écrire 


C 
log (p4+pm,)+ 
| OEp 


c Pm0 


Ep PAt+Pm, 


PAt+Pm, 


- f(keD)) 
PA+ Pm, 


(2.6) 


+(1—¢2)2 Te (- Pm 


T CEpr 
Pres de la température de transition ¢ peut s’écrire : 
T.—T \ 


3( —~) 


0 


T<Te: 


Finalement on obtient pour S 
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~au-dessous du point de transition : 


al aa 

S=— (pat+pm,)+ 12 
3]e| OEp 

So 

roy | 143 : 


—au-dessus du point de transition : 


9 
c 


DES SOLUTIONS SOLIDES 


c Ep | 


PA + Pm, 


Pu-Al 4 


Pp elie Pm 


Pp. stain 


| Pro 
_ Pp. i+ pm, 


Pp 


CEr | pPAtpm, 


‘ p 
| OE; 


7, (8 (pAtpm,)+2T - 


Cc P Mo 
Poalbre 


c 
| 
OEp 


log (pA +pm,)+ 2T 


c Pp 


Ep ( Pp. (tek 


¢ (— Pp 
CEp PAt+Pm, 


- f(keD | + 
P. i+ pm, 


Pmo | 


PA +pm, 


On doit donc observer a 7; un changement de pente égala : 


C Ep 


3. APPLICATION AU PLUTONIUM a ET AU 


PLUTONIUM, ALUMINIUM § 
3.1 Résistivité électrique 

La détermination du quotient pm(7<)/pm, per- 
met de calculer le terme (ArD) si l’on relie le pic 
de résistivité ala présence d’ordre local krD, dans 
un métal compact est directement li¢ au nombre ” 
délectrons de conductibilité par atome par 
kpD~3,5n)8, 

Dans le Plutonium «, l’anomalie décroit comme 
T-1, on peut en déduire le rapport pm(T¢)/pm, : 
1, 137 

Dans les Plutonium—Aluminium 4, il faut 
d’abord corriger les variations de p avec la tem- 
pérature pour compenser les termes dus aux 
vibrations du réseau et aux atomes d’Aluminium. 
La dépendance du niveau de Fermi vis a vis de 
la température introduit une petite variation de la 


(2.11) 


résistivité, que l’on peut estimer a 0,3 
plus dans le Plutonium 6. 

En extrapolant depuis les hautes températures 
jusqu’a 0°K pour déterminer ces termes, on obtient 
alors les valeurs rassemblées dans le Tableau 1 : 


pQ cm au 


Tableau 1 





93,5 
1,140 
2,52 
0,38 
3,20 
0,87 


~I 


1,131 
2,47 
0,36 
3,25 
0,82 


W We WH WH PO 


tm ~I 


3,36 


1, 02 0,90 
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Les valeurs de pm(T = T;)/pm, peuvent se 
situer d’un cété ou de l’autre du maximum de la 
courbe représentant les variations de /(krD). 
Deux sens de variations pour krD et n sont donc 
4 envisager, lorsque la concentration d’Aluminium 
passe de 0 a 10 pour cent (la valeur pour le 
Plutonium 6 pur est obtenue par extrapolation). 
En particulier : 

ou bien le nombre n d’électrons de conducti- 
bilité croit de: 0,3 a 0,4 (m}) ; 


ou bien ce nombre n décroit de : 1 a 0,8 (2). 


La variation du pouvoir thermoelectrique va 
nous permettre de choisir entre les deux hypo- 


theses. 


3.2 Pouvoir thermoélectrique 

On observe sur un Plutonium—Aluminium 6 a 
3,5 pour cent at. d’Aluminium, un changement de 
pente positif, égal 4 1,4 x 10-8 volt/°K?, au point 
de transition. La comparaison des termes de ré- 
sistivité introduits par les atomes d’Aluminium et 
le désordre magnétique montre que les pertur- 
bations créées sont du méme ordre, et par con- 
séquent, les sections efficaces de diffusion des 
atomes d’Aluminium et des atomes magnétiques 
auront des dépendances analogues vis-a-vis de 
l’énergie. On déduit de |’équation (2.11) : 


72k? m (krD 
> 7 pm  Of(RrD) - 


of op 


14x 10-8 
€| PA + Pm, 


df(krD) kpD 


o—— = —0,11/eV 
Ep 


- est donc négatif. Avec une valeur 


raisonnable de «, 
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(x est lié a la pente de la densité d’états au niveau 
de Fermi); on trouve une valeur de kpD légére- 
ment supérieure a 3. 

BEAL"S) a développé une autre méthode qui 
conduit au méme résultat. 

Lorsqu’on passe du Plutonium 6 pur au Plu- 
tonium allié a 3,5 pour cent at. d’Aluminium, on 
observe une diminution du pouvoir thermo- 
électrique de 24 pour cent a 600°K. La variation 
AS du pouvoir thermoélectrique accompagnant 
une variation Ap de résistivité est donnée par 
FRIEDEL") ; 


[nao 


é log Ap 
— Ep ———— 
CEp 
é log p 


— ‘KF ——$_____. 


OEr 


a= 


connaissant S, AS, x, Ax, on en déduit 
Ax 


= — = 0,17/eV 
Ep 


Or, lorsque la concentration d’Aluminium 
croit, on observe une variation de la résistivité 
additionnelle moins rapide que ne le prévoit la 
réegle de Nordheim en C (1-C). On peut en 
déduire une diminution de Ep. 


4. EXPANSION THERMIQUE DES PLUTONIUM- 
ALUMINIUM § 

I] est possible de décrire l’expansion thermique 

des Plutonium—Aluminium 6 par la somme de 

deux termes, l’un linéaire, l’autre exponentiel ; 


Tableau 2 


| 2,25 
ao(A) 4,626 4.616 
ax 106 : 4,1 We 
Aa(A) 0,28 0,28 
AE (eV/at.) 0,198 0,215 
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si « est le paramétre a la température 7’: 


I 
a = ao(c)[1+(c)T]—Aa(1—c) P een AE kT) 


(4.1) 


a apparait comme le parametre a 0°K, « comme 
le coefficient de dilatation a 0°K, 

Aa comme un terme de contraction constant et 
AE comme une énergie d’activation pour le 
mécanisme a4 la base du phénomeéne observe. ao, 
x et AEF sont des fonctions de la concentration 
d’Aluminium. On obtient les valeurs réunies dans 
le Tableau 2. 

Dans le domaine 0-5 pour cent at. d’Aluminium, 
AE apparait comme une fonction linéaire de la 
concentration d’Aluminium. 

Si l’on reprend les valeurs données par ELLIOT 
et al.) pour les alliages Pu Ce, on peut analyser 
de la méme maniere la variation du parametre avec 
la température. Pour les trois alliages a 3,4 ; 4 et 
8 pour cent de Cerium, on peut déterminer AE 
on trouve 0,163, 0,19 et 0,48 eV/at. respective- 
ment. I] semblerait que l’énergie d’activation 
diminue a partir de la valeur pour le Plutonium 
pur, passe par un minimum, puis augmente de 
nouveau ; davantage de teneurs seraient nécess- 
aires pour préciser le phénomene. 

L’aspect phénomenologique de 
thermique suggére la présence de défauts ther- 
miquement activés, qui pourraient consister en 
excitations d’électrons d’un niveau 4 un autre. AF 
apparaitrait comme la séparation des deux niveaux. 

Des mesures de paramétre au-dessous de la 
température ambiante seraient utiles pour pré- 
ciser l’analyse de ce phénomene. 


l’expansion 


5. DISCUSSION 

On s’attendrait a voir le nombre d’électrons de 
conductibilité augmenter avec la concentration 
d’Aluminium, puisqu’en principe ce métal apporte 
trois électrons de conductibilité, soit davantage 
que n’en compte le Plutonium. Or, la variation du 
pouvoir thermoélectrique indique le choix de la 
seconde des hypothéses envisagées a la suite de 
l’étude de la résistivité : le nombre d’électrons de 
conductibilité passe de 1 a 0,8 lorsque la con- 
centration d’Aluminium passe de 0 a 10 pour cent. 
Dans les mémes conditions Er diminue. 
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I] faut maintenant préciser l’action de la tem- 
pérature et des additions d’éléments tels que 
l’Aluminium sur la structure électronique du 
Plutonium. 

Il apparait que le Plutonium 6 pur compte pres 
d’un électron de conductibilité par atome et !< 
valeur positive du pouvoir thermoélectrique in- 
dique une pente positive de la densité électronique 
au niveau de Fermi. Cette densité est élevée, de 
l’ordre de 6 a7 electrons par atome et par électron- 
volt, et 

1 dn 


(, dE a 


est de l’ordre de 0,5 par électron-volt. 

Si l’on se rappelle, par exemple, que le Cerium 
se présente sous deux variétés cubiques a faces 
centrées, dont l’une, la plus dense, correspond 4 la 
structure électronique 5d?6s?, et l’autre a la 
structure 4f15d16s?, on est tenté d’envisager des 
excitations thermiquement activées d’électrons 5f 
vers la bande de conduction, pour expliquer le 
coefficient de dilatation négatif. 

Ces excitations ne vont pas modifier beaucoup 
la densité électronique et créer sans doute un 
léger terme de résistivité di a une modification 
locale de la section efficace de diffusion. Si l’on 
introduit une valeur raisonnable de ce terme, on 
peut recalculer le rapport pm Pm, (1 = Tc), et on 
voit que sa variation est tres peu modifiée. 

On ne s’attend donc pas a un accroissement 
notable de la densité d’états au niveau de Fermi. 
Le faible accroissement du terme de Pauli dans 
la susceptibilité paramagnétique compensera la 
diminution du terme dd au magnétisme des 
couches internes. 

La présence de défauts thermiquement activés 
avec une énergie AF entraine un terme de chaleur 


spécifique 


AE 
“(i 


i+ (fr) 


(AE)? 
kT? 


9 


Pour le Plutonium 6 pur (AF = 0,175 eV/at.) on 
trouve: 


450 
0,85 


400) 
0,80 


350 


0,75 


T (°C) 
ACv (cal/mol) 
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Expérimentalement, en effet, on n’observe pas 
la croissance exponentielle de la chaleur spécifique 
généralement associée a la création de défauts. 

L’addition d’aluminium est accompagnée des 


effets suivants : 


la température du pic de résistivité diminue ; 

l’énergie de Fermi et le nombre d’électrons 
de conductibilité diminuent 

l’énergie d’activation associée au mécanisme 
a la base du coefficient de dilatation négatif aug- 


mente. 


Pour mieux comprendre ces résultats, il serait 
nécessaire de connaitre les perturbations liées a la 


présence de quelques atomes non magnétiques au 


milieu d’un réseau d’ions magnétiques. Ainsi la 
variation de la température ordre—désordre et les 
fortes résistivités résiduelles 4 0°K, en particulier, 
pourraient-elles étre expliquées. On peut envisager 
un meécanisme de superéchange couplant anti- 
ferromagnétiquement deux atomes de Plutonium 
par l’intermédiaire d’un atome d’Aluminium. 
L’évolution de la structure électronique avec la 
teneur en Aluminium est certainement accompag- 
née d’une évolution des propriétés magnétiques. 
Des mesures de susceptibilité magnétique pour 
diverses teneurs d’Aluminium permettraient sans 


ROCHER 


et J. FRIEDEL 


doute une meilleure compréhension des phé- 


nomeénes étudiés ici. 
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IONIC CONDUCTIVITY OF THALLIUM CHLORIDE 


R. J. FRIAUF 
University of Kansas, Lawrence, Kansas 


(Received 6 June 1960) 


Abstract—The conductivity of single crystals of thallium chloride has been measured with an a.c. 
impedance bridge. The results can be represented by the empirical formula o = oo exp (—W RT), 


with W = 0-82 eV and oo = 5:3 x 108 (ohm-cm)~! for 370-420°C, and W = 0:72 eV and ao = 
8-9 x 102 (ohm-cm)~! for 160-370°C. 

The conductivity is compared to earlier work, and several reasons are advanced for considering it 
to be predominantly ionic. Self-diffusion coefficients for thallium obtained by use of radioactive 
tracers are much smaller than might be expected from the conductivity on the basis of the Einstein 
relation. Several tentative explanations for this apparent discrepancy are proposed, and further 


work is discussed. 


THE MECHANISMS of ionic conductivity and 
diffusion have been studied extensively in alkali 
halide and silver halide (AgCl and AgBr) 
crystals."!?) Since all of these substances (except 
for CsCl, CsBr, and CsI) have the sodium chloride 
type structure (f.c.c.), it has seemed desirable to 
investigate transport properties in crystals having 
other structures. This has been done for the cesium 
halides by other workers~*) and is presently 
being done for TIC] and T1Br, which also have the 
cesium chloride type structure (s.c.), in this 
laboratory.8) In connection with diffusion 
measurements in thallium chloride, which will be 
discussed briefly below, the ionic conductivity 
has been measured rather carefully and is pre- 
sented here as a report on these investigations. 
Conductivity measurements have been made on 
four samples, two each cut from two different 
single crystals. One sample had evaporated plati- 
num electrodes backed with platinum foil; other- 
wise the electrodes were formed by painting 
alcohol-dag (colloidal graphite in isopropylalcohol) 
directly onto the ends of the samples. The samples ia a | 
were mounted inside a loosely fitting Pyrex ” r5 1000/7 T(°K) ae 
cylinder in a small stainless steel sample holder Fy. 1. Ionic conductivity of thallium chloride. The 
with a stainless steel spring holding platinum discs _ length of the lines indicates the range of the temperature 
in contact withthe electrodes onthe sample. The eta ny onoae Ret 
sample holder was evacuated, filled to about half (14.) (4) HAUFFE ond Cememace-Vewn, Ref. (15.) (5) 
an atmosphere of argon, and sealed before Calculated from the self-diffusion of thallium as described 
heating. A.C. electrical measurements were in the text. 
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made at frequencies from 1 to 100 kc/sec with a 
General Radio Type 716-C capacitance bridge 
with an auxiliary resistance box in parallel with 
the standard capacitor of the bridge."°? 

A composite conductivity curve is shown in 
Fig. 1. The measurements on different samples 
kinds of electrodes are con- 


and different 
sistent and reproducible within 2 to 3 per cent, 


with 


most of this random error being introduced by the 
measurements of the sample dimensions. The 
absolute value of the conductivity may be in error 
by a slightly larger amount because standard 
thermocouple tables were used with the chromel 

alumel thermocouple, but a calibration run on a 
AgC] sample led to over-all errors no larger than 
5 to 10 per cent when compared with other 
authors."11) Because the vapor pressure of TIC] 
approaches 1 mm near the melting point, “!*) it was 
feared that contamination or decomposition of the 
sample might occur at the higher temperatures, 
but in a period of 74 hr of slowly increasing the 
temperature from 360 to 420°C (melting point at 
427°C) no change in conductivity at a given tem- 
perature could be observed. After prolonged heat- 
ing near the melting point some change in con- 


ductivity was observed at temperatures more than 


60°C below the highest temperature, and the sample 
did show some signs of contamination on removal. 

The conductivity shown in Fig. 1 can be repre- 
sented by the empirical formula 


co = 09 exp(— W/RT). (1) 


With the parameters shown in Table 1 the 
observed values are fitted to within 2 per cent in 
the high temperature region, within 5 per cent 
down to 210°, and within 10 per cent at lower 
temperatures. The break at 370°C is not really as 
abrupt as indicated; there is rather a gradual 


Table 1. 


o(Tm) - 
(ohm-cm) 


‘Temperature 
(ohm-cm) 1 


range 
370-420°C ‘S$ x 10 
160-370°C 
50-410°C 
130-390°C 
150-250°C 
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increase of activation energy W as the temperature 
approaches the melting point. 

The results of previous investigations are shown 
in the figure and the table. Although the agree- 
ment of activation energies is reasonably good, 
the magnitude of the conductivity is in most cases 
lower than the results of this work by 40-50 per 
cent. The reason for this discrepancy is not 
immediately clear, but it is probably related to the 
methods of preparing the samples and attaching 
the electrodes. LEHFELDT used single crystals, 
but melted platinum onto the 
samples.“/3) PHipps and PARTRIDGE used poly- 
crystalline samples solidified in an iron mold 
and applied electrodes with a graphite pencil or 
by sputtering platinum.“4) Haurre and Grigss- 


electrodes 


BACH-VIERK used pressed powder samples with 
melted-on platinum electrodes.) 

For several reasons it is believed, in agreement 
with all other authors, that the conductivity is 
predominantly ionic rather than electronic. Large 
polarization effects have been observed in con- 
nection with the a.c. measurements of resistance, 
both in this and earlier work,“!4) and the effects 
are qualitatively similar to those observed in other 
ionic conductors"9); electronic conductivity would 
not lead to such large polarization effects. The 
high temperature results described above do not 
show any changes which might be ascribed to a 
partial decomposition leading to electronic con- 
ductivity as in stoichiometric excess or deficit 
semiconductors; on the other hand the anomalous 
rise in conductivity at high temperatures is 
similar to that observed in the silver halides, 1, 16) 
Furthermore HAuFFE and GRIESSBACH-VIERK have 
obtained approximate verification of Faraday’s 
laws of electrolysis, with chlorine ions apparently 
dominating, “5 


Parameters for the tonic conductivity of thallium chloride 


Author 


This work. 

This work. 

LEHFELDT'!%) 

Puipps and PARTRIDGE‘!?) 

HAUFFE and GRIESSBACH- VIERK(?®) 





IONIC CONDUCTIVITY 


Continued work on the self-diffusion of thallium 
by using radioactive tracers is in general agreement 
with preliminary results reported earlier."8) The 
present diffusion results have been converted to 
conductivity values for presentation in Fig. 1 by 
means of the Einstein relation 


for+ = (Ne?/RkT)D7)*, (2) 
where N is the number of positive ions per unit 
volume and Dy * is the measured diffusion co- 
efficient for Tl2°4. The correction factor f for cor- 
relation or displacement effects has been taken as 
unity for this comparison because the actual 
mechanism for the transport of thallium ions in 
the crystal is not yet known. 

There are two possible kinds of explanations 


for the surprisingly small value of the conductivity 
which is apparently associated with the thallium 
ions. One possibility is that Schottky defects are 
present and that chlorine ions carry the major 


part of the current; this situation is indeed 
suggested by Haurre and GRIgssBACH-VIERK on 
the basis of their attempted transport measure- 
ments and also on some observations of a decrease 
in conductivity for T1Cl containing small amounts 
of PbCls."15) In this case the correction factor f in 
equation (2) should have the value 0-655 to 
correct for correlation effects associated with the 
motion of vacancies on a simple cubic lattice,“!”) 
and the results will then amount to a determination 
of the transport number of TI* ions. 

The other possibility is that Frenkel defects 
occur, with interstitial thallium ions carrying the 
bulk of the current by an interstitialey mechanism. 
This situation is conceivable because of the 
relatively small size and large polarizability of the 
Tl* ion and is perhaps indicated by the rather 
small activation energy; the value of 0-72 eV for 
TICI is much more comparable to the 0-97 eV 
for AgBr and 1-03 eV for AgCl, where silver 
Frenkel defects and interstitialcy motion are 
known to occur, 18-22) than to the 1-70 to 2:10 eV 
for the sodium, potassium, and rubidium halides, 
where Schottky defects are prevalent." °) Inter- 
stitial thallium ions could conceivably occur at the 
center of a face (A) or of an edge (B) of the unit 
cell shown in Fig. 2(a); position A is favored by 
position B by Coulomb energy 
from position B the 


repulsive energy, 
For interstitialcy motion 


minimum value for the correlation factor is 4 when 


oO 
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the knocked-out ion moves in line with the in- 
cident ion (to the opposite edge of the cube in 
Fig. 2(a));°°) this value is not small enough to 
begin to explain the experimental results. But for 
a thallium ion in position A, consideration of 
Fig. 2(b) shows that in the predominant form of 


Fic. 2. (a) A unit cell for the CsCl type structure (simple 
cubic) of TICl. The two possible interstitial positions 
for thallium ions are shown at A and B. (b) A (110) 
plane of TICI, with the ionic radii drawn to scale. This 
is the plane which is emphasized by heavy lines in (a). 
The plane contains two positive ion vacancies (upper and 
(left), and an interstitial 
A position (lower). 


right), a negative ion vacancy 


positive ion in a Type 


interstitialcy motion the interstitial ion will be 
confined to move along the line in 
mined by its two nearest thallium neighbors. For 


interstitialcy 


space deter- 
this particular case, where the 
motion is not only linear but also one-dimension 
the correlation factor f in equation 2 is zero! 2°, 24) 
In an actual crystal there would be some chance 
for an interstitial ion to escape from its line of 
motion by moving through the center of a cube 
edge, but this would be a much less probable 
occurrence. Hence it appears that this mechanism 
might account for the very small observed values 


of f. 
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It is evident that measurements of the diffusion 
of chlorine will help to distinguish between these 
two possibilities, and such measurements are to be 


carried out in the near future, along with an 
extension of the thallium diffusion measurements 
to higher temperatures. A more complete report 
on the methods of sample preparation and 
diffusion measurements will be given when these 
results are available. 
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MANGANESE RARE EARTH COMPOUNDS WITH THE 
MgZn. STRUCTURE 
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Abstract—Two new ABs compounds, ErMnz and TmMng having the MgZnzg structure are re- 
ported. The transition from the cubic Mn rare earth compounds to the hexagonal compounds is dis- 
cussed. Crystallographic data for these two compounds and for HfMng having the same structure 
are reported. 


INTRODUCTION of the constituent elements.; X-ray powder 


THE PURPOSE of_this paper is to report on the 
crystallographic investigation of two new Mn rare 
earth compounds (Table 1) with the MgZne 
structure (a hexagonal Laves phase).* It is part 
of a continuing study of the magnetic properties 
of binary systems involving the 
some magnetic 


and structures 
rare earths. In previous papers, 
properties") and crystallographic data?) of such 
systems were reported. 


EXPERIMENTAL 
The compounds were prepared in an argon 
atmosphere by induction melting, in fused silica 
crucibles, mixtures of the stoichiometric amounts 


* There are three ABe phases called the Laves phases 
One has the cubic MgCuzg structure, and the other two 
have the hexagonal MgZn2g and MgNi2 
The hexagonal phases differ from the cubic phase in 
the stacking of the close packed layers. 


structures. 


photographs were taken with CrK~« radiation and 
the use of Straumanis type Norelco cameras of 
114-6mm diameter. 

The structures of ErMng and 
determined from powder data only. 
ABo, (MgZne structure) belong to 
space group P63 rane with 


TmMne 
These 


were 
two 
compounds, 
4A in (f): 2/3 
2; 1/3, ‘ 3 
2B; in (a): 000; 001/2 
6Byy in (h): x, 2x, 1/4 
3/4; 2x, x 3/4; %, x 


3, 2; 2/3, 1/3, ; 


» 
J, 8; 9 


1/2—2 


1/3, 1/24 


Because the intensities of the reflections on the 
powder photographs are similar, relative intensities 
were computed only for ErMng for CrK« radiation 


t The rare earth elements were more than 99 per cent 


pure; Mn and Hf 99-9 per cent. 


Table 1. Lattice constants and interatomic distances for ABz compounds 


ABe a*(A) 


1-63 


ErMnoe 5-281 3621 
TmMne 5-241 5565 1°63 


HftMnoe 4-995 3°213 1°64 


* Lattice constants are within + 0-005 A. 
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(Table 2). No attempt was made to refine the para- 
meters z = 1/16and x = —1/6. In the calculation 
of intensities, the THomMas and Umepa“™ 
scattering factors corrected for dispersion) were 


atomic 


used. Corrections for absorption were not made. 
The good agreement between observed and cal- 
culated spacings and _ intensities 
supports the correctness of the proposed structure, 


Norelco 


interplanar 


Powder intensities, measured with a 


diffractometer using unfiltered CuK« radiation, 


and S. E. 
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gave additional verification to the choice of 
structure. 

The X-ray density of ErMng is 8-83g/cm3, and 
itis 2-5 per cent higher than the density, 8-61g/cm3, 
measured by the liquid displacement method. 
This small discrepancy is undoubtedly due to the 
nature of the bulk sample—the material is very 
brittle and contains microcracks. 

Powder patterns of samples of ErMng sealed in 
evacuated quartz ampules and quenched in water 


Table 2. Observed and calculated spacings and intensities for ErMng.CrK« 
radiation 


eS ww | 
ONWNN SO Ww 
Ww sI NM & DN CO bo 


NW NWNHWNHND WS SS | 


2°155 


N.O.* 


6044 
-5684 
5245 
-4813 
-4373 
4368 
*3767 
3708 
-3485 
+3203 
-2685 
-2624 
2621 
-2549 
+2208 
-2169 
‘2166 
1892 
-1604 


Z ae ae 
a. ere 


— 
a RR RR RR RRR RR ee ee tO 1 MN NNN WH Sb S S 


-1604 


s = strong, m = medium, = weak, v 
*[N.O. = not observed 


+ Beginning here, d values for ~; and x2 averaged. 


= very 
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from 1140°C and samples annealed for four days 
at 500°C did not show any indication of change in 
structure. It therefore appears that the hexagonal 
form is the stable modification below 1140°C. 

We have also prepared HfMng, which has been 
reported by Extior®.?) to have the MgNie 
structure (a = 4-996 A, c = 16-300 A) but which 
tends to form the MgZng structure at lower 
temperatures. (No lattice constants were reported.) 
The powder pattern of a sample of our ingot is 
similar (except for changes in interplanar spacings) 
to ErMng and TmMng. For HfMng, having the 
MgZng structure, a = 4:995 A and c = 8-213 A 
(Table 1). The relative intensities computed on 
the basis of the MgNie structure for all of the 
above compounds were not in agreement with 
the observed intensity data. 


DISCUSSION 

In other papers, 3:8) it was shown that the room 
temperature form of the ABzg phase, where 
A = Gd, Tb, Dy, Ho, Er and Tm and B = Al, 
Fe, Co and Ni, has the MgCug structure. On the 
other hand, this structure is present only for the 
Mn compounds of Gd, ‘Tb, Dy and Ho. It was 
also shown®) that the rate of decrease of the 
lattice constants for the cubic Mn compounds 
(and hence the interatomic distances) is more 
rapid with increasing atomic number of the rare 
earth (or with decreasing size of the rare earth 
atom), indicating stronger electronic interactions 
or election overlap. One is tempted to assume 
that the valence electron to atom ratio is constant 
and the Fermi energy remains essentially the same 
in the Mn compounds because the 4f states are 
presumed to be localized. However, it appears 
that the Fermi energy is increasing rapidly with 
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increasing atomic number of the rare earth, and 


at Er, a change in structure occurs so as to yield 
a Brillouin zone which can accommodate extra 
electrons. The electronic interaction through 
which this can occur is an open question, and more 
data are obviously needed. Indeed, the complex 
nature of Mn (as indicated by the number of solid 
state transitions occuring in Mn) may be an im- 
portant factor here. The magnetic data") presently 
being obtained should shed more light on the 
electronic structure of these compounds. 
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Résumé 


-Nous étudions la polarisation dynamique des protons par ‘‘effet solide’’ dans des champs 
E \ 


magnétiques statiques de 10 a 40G, dans le paradichlorobenzéne, en mettant a profit la forte inter- 
action quadrupolaire du chlore. En soumettant le cristal 4 un champ magnétique de radiofréquence 
intense, nous avons obtenu |’augmentation théorique de |’aimantation des protons. Les probabilités 
de transition ont été calculées et mesurées pour différentes valeurs du champ statique et du champ 


de radiofréquence. 


Abstract—In d.c. magnetic fields from 10 to 40 G we study dynamic polarization of protons by the 
“solid state effect’’ in paradichlorobenzene. We take advantage of the large quadrupole splitting of 
the chlorines. We obtain the expected enhancement of the magnetization of protons, when irradiated 
by r.f. magnetic field at the right frequency. Transition probabilities are calculated and measured 


as a function of r.f. power and d.c. field. 


1. INTRODUCTION 
Novus ETUDIONS la polarisation dynamique des 
par “effet 


Le systeme comprend deux espéces 


protons du _ paradichlorobenzene 
solide’’. 1-4 
de spins en interaction 

les spins / des protons qui ont un temps de 
relaxation 777 long, 

les spins S des chlores qui ont un temps de 
relaxation 7's court par rapport a 77 : 

T; > Ts (1) 

Leur facteur de Boltzmann qui est accru par inter- 
action quadrupolaire est supérieur a celui des 
spins /"! 
nous operons (10 a 40 G). 


Soient wy; la fréquence de Larmor des spins / 


dans les bas champs magnétiques ot 


et x une des fréquences de résonance du chlore, 
dans un champ magnétique Hp. Si par un champ 
de radiofréquence 2H, cos wt perpendiculaire au 


champ statique Hp, a la fréquence w = Q wy, 


S 
on induit une transition de probabilité W telle 


que 
he. “ay ie 


on augmente la polarisation des protons dans le 


rapport 


F[WT7/(WT,+1)|(Qs/~7). 


Par suite de |’interaction dipolaire entre les protons 
et les chlores, cette transition W n’est pas com- 
pletement interdite. 

Pour que les fréquences Q35+wy7 et Qs—wy 
soient bien séparées et que l’on n’ait pas d’effet 
différentiel) il faut que l’on ait 


wi > Aw (2 


ou. Aw est la largeur de raie résultante des deux 
systemes de spins. 

En bas champ les fréquences de résonance (5 
du chlore sont de l’ordre de la fréquence quadru- 
polaire pure quiest pour®°C] a température ordin- 
aire (22 = 34,28 Mc. Si la probabilité de transition 
est assez grande (W > 7;°) V’aimantation Mo 
des protons polarisés est égale a leur aimantation 
a léquilibre thermique dans un champ ma- 
gnétique Qg/y7 ~ Q/y; = 8000 G. A partir de 
instant ou la transition W est induite l’aimanta- 
tion des protons croit exponentiellement et tend 
vers la valeur limite 

[WT771/(WT1+1)]Mo 
avec une constante de temps W + T; ” 
Le temps de relaxation 7's du chlore-35 dans 


le paradichlorobenzéene a température ordinaire 
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Fic. 1. Signal de proton dans le paradichlorobenzéne observé par passage rapide 
a 400 ke aprés polarisation dynamique dans un champ Ho = 10G. Le champ 


tournant fA a 400 kc est égal a 0,25 G et la vitesse du balayage du champ magnétique 


Ho est telle que f1/Ho = 3,6 ms. La trace représente un balayage de 17 G. 
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est 2,2 x 10-2 sec.©) Le temps de relaxation 77 
des protons dans notre échantillon a été mesuré 
pour différentes valeurs du champ magnétique 
{Tableau 1). La condition (1) est remplie, le 
rapport 77/75 étant au moins égal a 400 dans 
nos expériences. 

La largeur de la raie quadrupolaire pure de 
35C] dans un monocristal de paradichlorobenzene 
a été mesurée par divers auteurs; elle est d’une 
fraction de kilocycle par seconde. La largeur de 
raie des protons, qui est d’environ 6 kc,®) est, 
comme prévu, plus grande que celle du chlore. 
La condition (2), o& Aw est donc la largeur de 
raie des protons, est satisfaite si Hp > Aw/y; = 


1,4G. 


2. MESURE DE L’AIMANTATION OBTENUE 
PAR POLARISATION DYNAMIQUE 

Nous mesurons l’aimantation des protons a 
la fréquence de 400 kc, par passage adiabatique 
rapide, dans un systeme de bobines croisées a 
compensation extérieure®) (Fig. 1). Les ex- 
périences sont faites a température ordinaire 
avec un monocristal d’environ 2 cm®. La principale 
difficulté réside dans l’échauffement du cristal 
par le champ de radiofréquence, car la fréquence 
quadrupolaire de *5Cl varie de 3,14 ke par ~C.” 
Nous mesurons le champ tournant de radio- 
fréquence Hy grace a un petit enroulement aux 
bornes duquel est induite une tension proportion- 


nelle a Ay. 


Tableau 1. Temps de relaxation des protons en 
fonction du champ magnétique 


Tr 





10 sec 
25 sec 
2 min 30 sec 
4 min 
~ 1lhr 


Le signal des protons a |’équilibre thermique 
dans les bas champs ot nous opérons est inob- 
servable. Pour déterminer |’aimantation Mo, nous 
comparons le signal obtenu aprés polarisation 
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dynamique, proportionnel a Mo, avec le signal 
obtenu dans 1’échantillon polarisé) dans un champ 
Ho = 5500 G, puis transporté dans les bobines 
de Helmholtz. Pour éviter la dépolarisation des 
protons dans le champ terrestre, |’échantillon est 
transporté dans l’entrefer d’un petit aimant per- 
manent. Cette comparaison nous permet de 
verifier que l’aimantation Mp obtenue par polaris- 
ation dynamique a bien la valeur prévue plus haut, 
aux erreurs expérimentales prés (20 pour cent). 
La méme verification a été faite, en utilisant 
isotope 87Cl du chlore. 


3. CALCUL DES PROBABILITES DE 
TRANSITION 


Dans le paradichlorobenzene Cl Cl, il 
existe une température de spin au sein du systeme 
des protons, par suite du couplage dipolaire entre 
les protons, qui est beaucoup plus fort que le 
couplage entre un proton et le chlore premier 
voisin, situé sur la méme molécule que le proton, 
en position ortho par rapport a celui-ci, a une 
distance r = 2,81 A.-10 L’abondance isotopique 
naturelle de 2°Cl est m = 0,754. Dans un mono- 
cristal il y a deux orientations A; et Ag pour les 
axes quadrupolaires, c’est-a-dire pour les axes 
CI-Cl des différentes molécules; l’angle (A), As) 
est égal a 75 degrés. 

Le champ statique Hp est parallele a Aj, et le 
champ de radio-fréquence Hj est perpendiculaire 
a Ho dans le plan (Aj, Ag). Le champ M4, qui fait 
avec Ag un angle de 15 degrés, a peu d’action sur 
les chlores correspondant a l’orientation Ao. 

Nous calculons d’abord une probabilité de 
transition Wo pour une paire de noyaux : un proton 
et le chlore premier voisin. Par suite du fort 
couplage dipolaire entre les protons, la pro- 
babilité de transition effective est W = (n/2)Wo 
ot n/2 est la probabilité pour un proton d’étre 
premier voisin d’un chlore *°Cl, et d’étre dans 
une molécule orientée suivant A;. Nous négligeons 
les interactions entre toutes les paires chlore- 
proton qui ne sont pas formées de premiers 
voisins. 

En champ bas l|’énergie Zeeman des chlores 
est toujours petite par rapport a leur énergie 
quadrupolaire. Les niveaux d’énergie d’une paire 
chlore-proton sont donnés Fig. 2. Par suite de 
l’interaction chlore-proton #7, 5, on peut induire 
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une “transition d’effet solide’ telle que 
3/2+<91/2-, 
état |3/2+ >, par exemple, étant en réalité 
3/2+ >+(3/2— > <3/2—|A15|3/2+ >/wy. 
Deux cas peuvent se présenter : 
1. Un champ magnétique statique tel que 
vysHo = WS > Aw 


ce qui donne, pour Cl, Hp > Aw/ys = 14G; 
les huit niveaux de la Fig. 2 sont complétement 


séparés les uns des autres. 

















Fic. 2. Niveaux d’énergie et états propres d’une paire 


chlore-proton. Les signes + 3/2, 1/2 se rapportent 


au chlore et les signes + se rapportent au proton. 
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2. Un champ magnétique tel que 
wr > Aw > ws 


ce qui permet de négliger l’énergie Zeeman des 
chlores. 

Dans le cas 1, pour les différentes transitions 
|A/,+AS,| = Am = 0 ou 2; 1; 3 on trouve des 


probabilités de transition de la forme 
W(Am) = n/2 f(Am)(Hy Ho)*(hy§, 73)?Aw 


le Tableau 2 donnant les facteurs angulaires f(Am). 

Dans le cas 2 il est facile de voir que les diffé- 

rentes fréquences de transition données par le 

Tableau 2 se réduisent 4 deux, w = Q + wy, 

pour lesquelles la probabilité de transition est 
W, = 2W(3)+ W(1)+ W(3). 

Le Tableau 2 donne également les valeurs 


calculées pour les probabilités de transition 


réduites. 


w(Am) = W(Am)(Ho/f1)?. 


4. MESURES DES PROBABILITES DE TRANSITION 

Nous avons vérifié, dans un champ Ho = 15 G, 
que l’amplitude du signal augmente exponentielle- 
ment avec le temps de polarisation. De l’ensemble 
de ces exponentielles, pour différentes valeurs de 
H,, nous déduisons W et 7. Nous vérifions que 
la probabilité de transition W est proportionnelle 
a H; (Fig. 3). L’accord est satisfaisant entre cette 
détermination du temps de relaxation 77 (qui 
donne 7; = 30 sec) et la mesure directe de 77 


(voir ‘Tableau 1). 


Tableau 2 


Am = 


AI, + AS;| 


0 ou 2 ) - 


“i 
y 
J) +(wy+2Zws) 


ws) (27/16)(2/2)1!2cos20 sin26(5-3 cos 24) 
1 +(wr—2ws) (3/8)(2/2)1!2(3 cos?@—1)2 
(27/8)(2/2)1'2 sin40 


w(Am)(sec—!) 


f(Am) 


2,00 
0,03 


1,32 


Les facteurs angulaires f(Am) et les probabilités réduites w(Am) sont définis pour les différentes 


transitions par 


w(Am) = W(Am)(Ho/H)? = (n/2)f(Am)(hy,/r)?Aw"!. 


Les angles polaires 0 ~ 50 degrés et ¢ ~ 32 degrés définissent la direction de l’axe chlore—proton 


par rapport au champ magnétique statique Ho et au champ de radiofréquence HA. 
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Dans une seconde étape, nous mesurons pour _ pointillé). Cette variation concorde avec celle 
une méme transition (|Am| = 0), en fonction du déduite des calculs précédents (Fig. 4, courbes en 
champ Hp, la variation de la probabilité de trait plein). Le désaccord des valeurs absolues 
transition réduite W(Ho/H;)*, indépendante du peut s’expliquer pour les raisons suivantes : 


champ de radio-fréquence (Fig. 4, courbe en 
~l’axe quadrupolaire peut faire un angle non 


nul avec le champ Hp. 

les valeurs des angles polaires qui définissent 
orientation de l’axe chlore—proton par rapport 
au champ Hp et au champ de radiofréquence ne 
sont pas connues avec une grande précision. 

les interactions entre toutes les paires chlore 


400; 


proton qui ne sont pas formées de premiers 
voisins peuvent ne pas étre négligeables. 


5. CONCLUSION 
Nous avons appliqué la méthode de polarisation 
dynamique dans un cas oti le grand facteur de 


Boltzmann des spins S fortement couplés au 
réseau n’est pas d’origine magnétique. Bien que 
les deux spins J et S soient en quantités com- 
ae a = ae parables dans le paradichlorobenzéne, la raie des 
Fic. 3. Probabilité de transition, en unités arbitraires, ‘ s , ‘ : 
. F protons nest pas élargie par interaction avec les 
en fonction du carré du champ tournant de radio- 


fréquence. chlores, par suite du petit moment magnétique 


KC 


Fic. 4. La courbe en pointillé donne la probabilité de transition 
réduite W(Ho/H1)? mesurée en fonction de la fréquence de Lamor 
ws de 8°C]. Les courbes en trait plein sont données par 
z( Am) +[we —w(Am)] exp [—4(ws/Aw)?] 
we = 2w(2)+w(1)+(3) = 5,58 sec-. 
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de ces derniers, ce qui a permis de faire des ex- 
périences en bas champ. I] serait possible d’obtenir 
un effet de polarisation dynamique plus important 
en utilisant le brome ou l’iode qui ont des sépara- 
tions quadrupolaires plus grandes que le chlore 
(Q/y; » 50kG ou 200kG). II serait également 


possible d’utiliser une séparation électronique en 


champ nul mais dans ce cas, par suite de la largeur 
de raie électronique Aw (au moins égale a quelques 
mégacycles par seconde) on ne pourrait pas opérer 
en bas champ. 
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Abstract—A unique method of preparing polycrystalline films of BizO3 having thicknesses in the 
range 10 to 100 is presented. Using these films temperature vs. resistance measurements give a 
thermal energy gap of 2:07+0-07 eV in the temperature range 400 to 550°K. Optical transmission 
studies at room temperature and liquid nitrogen temperature give optical energy gaps of 3-1 eV at 
77°K and 2°85 eV at 300°K. This gives an apparent temperature dependence of —1°1 x 10-8 eV/°K 
in this temperature range assuming a linear variation. 


INTRODUCTION 

A REviEW of the literature on semiconducting 
compounds of the Group Vb—Group VIb elements 
of the form A2Bg3 reveals comparatively little pub- 
lished work on bismuth trioxide, BigO3. The 
reason for this is not hard to find: Molten bismuth 
trixode cannot be contained in crucibles of com- 
monly available materials. That this is so has 
already been observed,“!) and SILLEN®? states that 
molten bismuth trioxide attacks glass. 

The authors found that molten 
trioxide dissolves its way through a Vycor test 
tube (96 per cent silica) in about fifteen minutes’ 
time; and that crucibles of alumina, magnesia, 
zirconia, platinum and stainless steel are likewise 
unsatisfactory. Graphite crucibles have a reducing 
action on molten bismuth trioxide, and rapidly 
reduce it to metallic bismuth. Surface melting of 
sintered samples of the trioxide would therefore 


3) 


seem to be a better approach to the problem. 


bismuth 


PREPARATION OF Bi2O3; FILMS 
Despite the inherent difficulties a method has 
been developed by the authors for preparing poly- 
crystalline films of bismuth trioxide using a 
graphite crucible, and is described below. Films 
formed in this manner are quite fragile but can 
be mounted in sample holders if carefully handled. 
The method takes advantage of the large 


* This work was supported in part by the United 
States Air Force through the Air Research and Develop- 


ment Command. 


difference between the melting points of bismuth 
metal, 271°C, and the trioxide, 828°C.) When 
bismuth metal is melted in a graphite crucible, 
open to the air and the temperature is raised to- 
ward the melting point of the trioxide, the metal 
begins to oxidize. If the temperature is then raised 
slightly above the melting point of the trioxide, 
the graphite of the crucible reduces the trioxide 
back to bismuth and a molten pool of pure bis- 
muth fills the crucible. If the temperature is then 
lowered slightly below the melting point of the 
trioxide a uniform film of BigO3 forms rapidly and 
covers the surface of the melt. This film may be 
lifted from the surface using a nichrome wire loop. 
Films formed in this way are pale yellow in 
appearance, microcrystalline and have fairly uni- 
form thicknesses. Since the thickness of the film 
depends mainly on the temperature of the melt, 
and only slightly on the time, films of desired 
thickness can be prepared by adjusting the tem- 
perature. Satisfactory films can be obtained in 
thicknesses ranging from 10 to 100y. 

It should be noted that if the melt is not heated 
initially above the melting point of the trioxide, 
the resulting films turn out to be too granular, and 
contain inclusions of slag. 

‘There may be scattered inclusions of bismuth 
metal but these can be avoided by visual inspection 
and uniform sections of film as large as four square 
centimeters in area can easily be selected from the 
main pieces. For temperature studies, films are 
carefully mounted on glass slides, and fine nichrome 
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wires are attached as electrodes by means of silver 
paste. For optical transmission studies, the films 
are mounted on suitable frames. 

Portions of various BigOg films were powdered 
and an X-ray powder diffraction study was made. 
Without exception the patterns were those of the 
normal orthorhombic form of BigOs, with no indi- 


cation that other phases or large proportions of 


impurity were present. 


THERMAL AND OPTICAL MEASUREMENTS 

For thermal measurements a film, mounted as 
described, is put into an electric oven and a voltage 
applied to it. The temperature is slowly raised at a 
rate of about 5°C/min. The small current through 
the sample is fed into the Y-axis input of an Auto- 
graf X-Y recorder. The temperature of the oven is 
monitored by a thermocouple and its output fed 
into the X-axis input. 

Table 1 gives the thermal energy gap for a 
series of BigQOs films in the region of 400-550°K as 
determined from the plots of the X-Y recorder. 


Table 1. Thermal energy gaps for polycrystalline 
films of BigOQg in the temperature range 400-550°K 





Figure 1 shows the resistance of a typical sample 
as a function of temperature. From this graph and 
crude measurements on the width and thickness 
of the sample, we have made an order of magnitude 
measurement for the resistivity of 104 ohm-cm at 
500°K. This agrees with the results given by 
MANSFIELD) on sintered samples of BigO3 powder 
at this temperature. 

Figure 2 shows the optical transmission at 300°K 
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of a typical film of BigOg3 through the visible range 
as measured on a Cary model 14R spectrophoto- 
meter. 

Figure 3 shows the absorption edge for this 
film at two temperatures, 300°K and 77°K. The 
optical energy gap for these films is found to be 
3-1 eV at 77°K and 2-85 eV at 300°K giving an 
apparent temperature dependence of —1-1 x 10-3 
eV/°K, on the assumption that a linear variation 
holds over this temperature range. This is to be 
compared with the activation energy of 3-2 eV, as 
obtained by DoyLe®?, on films 300 A thick, who 
prepared his films by oxidizing metallic bismuth 
layers deposited on glass substrates. The authors 
prepared films by the method of Doy Le, but found 
that as the bismuth oxidized, the film broke up 
into a granular structure resembling a smoke 
deposit. 

Figure 4 shows the infrared transmission for 
two samples as determined by Perkin-Elmer 
model 21 infrared spectrophotometer. Curve 1 is 
for the sample used for the above optical trans- 
mission studies and curve 2 is for a sample which 
showed maximum transmission. Other samples lay 
between these two extremes. All the samples show 
a maximum infrared transmission in the 10-12. 
region. 


Acknowledgements—The authors are indebted to Dr. C 
NELSON and the Solid State Division of the Oak Ridge 
National Laboratory for the use of their Cary spectro- 
photometer. 
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Abstract—A formalism for the treatment of optical absorption by an isolated substitutional im- 
purity center is given. The tight-binding approximation is used and the method of constructing one- 
electron trial functions for the system is outlined. The first-order absorption energies, oscillator 
strengths and integrated absorption coefficients are computed in an approximation which includes 
spin-orbit interaction and the overlapping of heterocentric atomic wave functions through terms of 
order S2. The first-order energies are corrected for van der Waals interactions using a variational 
formalism. A phenomenological method for computing the emission energies of the system is given. 
The specific example of an argon impurity atom in solid neon is treated numerically. The computa- 
tion predicts absorption lines at 11:7 and 11-6 eV due, respectively to the 1P; and 3P states of the 
argon impurity, with an uncertainty of 1-3 eV. The oscillator strengths for these transitions are cal- 
culated to be 0-164 and 0-017 respectively, giving rise to integrated absorption coefficients of 
0-84 x 108 No and 0:09 x 108 No eV cm7—! for the two states, where No is the (small) fractional con- 
centration of impurities in the host lattice. 


1. INTRODUCTION all of these phenomena have been investigated. A 


‘THE COMPUTATION of the optical properties of an 
isolated substitutional impurity in an otherwise 
undisturbed infinite crystal lattice has been an 
object of extensive theoretical interest for some 
twenty years. The goal of this work has been the 
achievement of a quantitative understanding of the 
influence of the atoms of the crystal and of lattice 
vibration on the absorption and emission spectra 
of a foreign atom introduced into a solid in small 
concentration. These studies attempt to explain 
the shifting of the absorption energies from their 
atomic positions, the transfer of energy to lattice 
vibrations the Stokes shift, the 
broadening of sharp atomic lines into bands, and 


resulting in 


the quantum efficiency of the luminescence pro- 
cess. The pressure and temperature dependence of 
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large literature has accumulated in the field. 

Atoms in a dilute gas may be treated as inde- 
pendent, non-interacting systems to a very good 
first-approximation, whereas in a solid or liquid the 
interactions are known to be large. Indeed, one of 
the most successful approaches in the theory of im- 
purities in solids is the effective mass approxima- 
tion in which the center’s electronic wave functions 
are computed using an effective mass and a di- 
electric constant « appropriate to the non-metallic 
crystal. In this extreme the impurity itself is 
treated as a point charge Ze/x, where Z is the differ- 
ence of the valences of the impurity and the host 
atoms. ‘Thus the details of the impurity center are 
completely ignored. 

We shall adopt the viewpoint of the opposite 
extreme according to which the electronic pro- 
perties are predominantly determined by the im- 
purity atom itself, the interactions with the lattice 
being treated as relatively weak. A modified form 
of the Heitler-London accordingly, 
seems appropriate, in contrast to the generaliza- 
tion of the Bloch approach mentioned above. We 


scheme, 


deal briefly in the following paragraphs with the 
historical development of the “‘tight-binding’’ 
approximation as applied to impurities in solids. 
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Most of the workers in the field have con- 
centrated their efforts on the experimentally con- 
venient case of heavy metal impurities in alkali- 
halides. The classic model of such a center was 
proposed by Seitz?) in 1938 for the system 
KCl : Tl. The first attempt at a detailed numerical 
computation for such a system was made by 
WILLIAMS on a semi-classical basis for KCl : T] 
using the Seitz model.) In this case and in a later 
computation by PoTENKHINA for NaCl : Ag‘) 
reasonable agreement with experiment has been 
obtained. However, certain quite serious questions 
have arisen in connection with the methods of 
computation used.) 

Lax and others".?) have made studies on the 
interactions of such centers with the local lattice 
modes to which they give rise and have discussed 
the temperature dependence of the spectra. 
Recently KrisToFFEL has made a significant con- 
tribution to the understanding of the electronic- 
vibrational coupling. ®? 

During the past few years considerable interest 
has developed in both pure crystalline rare-gases 
and in solid rare-gases containing impurities, and 
several optical studies of their properties have been 
undertaken. -10,11) Magnetic resonance studies of 
impurity centers in these materials have also been 
performed. ‘12,13) 

LOwn1n has reviewed the advances which have 
been made in treating the ground-states of pure 
alkali-halide crystals from first principles. !*) 
Recently Knox5.16,17) has performed the first 
detailed quantum-mechanical and numerical com- 
putation on the optically preparable states of a pure 
insulating crystal, specifically the lowest-lying 
exciton bands in solid argon using the Heitler— 
London model. Thus far, however, no attempt has 
been made to predict the optical properties of an 
impurity center from first-quantum-mechanical 
principles.* 

We here undertake the computation of the 


* Since the preparation of this manuscript, the paper 
by N. N. KristorFeL, Opt. i Spectrosk. 7, 45 (1959) 
(translation) has been brought to the author’s attention. 
In this paper, configuration coordinate curves are con- 
structed for the 1S and 3P; states of the system KCI : TI, 
and absorption and emission spectra associated with 
transitions between these states are computed quantum 
mechanically, using approximations outlined in Ref. (8). 
No detailed account of the calculation is given. 
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wave functions and absorption energies of the 
system composed of an isolated argon impurity in 
solid neon in the Heitler-London approximation 
using the symmetrical orthogonalization method 18) 
of L6wn1n as developed by Knox !®.16), The over- 
lapping of heterocentric atomic wave functions is 
explicitly taken into account through terms of 
second order in S (an overlap parameter to be 
defined). An exact diagonalization is made in the 
first order of perturbation theory, taking into 
account the effects of spin-orbit interaction and 
the crystal field for absorptions involving transi- 
tions to the 1P and 3P terms of the 3p°4s configura- 
tion of the argon impurity. 

The absorption energies so obtained are then 
corrected for the dipole-dipole (van der Waals) 
interactions between the center and its neighbors 
using the variational method of BucKINGHAM"!9) 
for computing the van der Waals constants appro- 
priate to the excited-states. 

The oscillator strengths for the transitions are 
computed to first-order, and the method of 
DEXTER is used to obtain the integrated absorption 
coefficients, ‘29) 

The emission energies of the system are cal- 
culated on a phenomenological, classical basis. As 
is customary, we (crudely) represent neighboring 
lattice distortion by a single “breathing mode”’ and 
the equilibrium configuration for the ground-state 
is estimated from empirical data using a Lennard- 
Jones (12,6) potential. The equilibria for the 
excited-states, and subsequently the emission 
energies, are calculated by fitting (12,6) potentials 
using the computed van der Waals and excitation 
energies. 

Sections 1 through 7 treat the formalism of the 
problem, discussing successively he model and 
Hamiltonian, the symmetrically orthogonalized 
wave functions of LOwp1n, the first-order energy 
matrix, the dipole-dipole interaction, the oscillator 
strengths, and the construction of the configuration 
coordinates. Section 8 is a general review of the 
method of numerical computation and Sections 9 
through 11 present, respectively, numerical results 
for the first-order energy parameters, the van der 
Waals computation and emission energies, and the 
oscillator strengths and related quantities. The 
results of the calculation are discussed in Section 
12 and comparison with available, related experi- 
mental data is made. 
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2. THE MODEL AND THE HAMILTONIAN 


The model which we choose to represent an 


impurity center in a rare-gas crystal consists of an 


impurity atom of atomic number Z,4 surrounded 
by a lattice of N—1 (identical) the host 
material having atomic number Z,. The host atoms 
contained in the first shell of the 
neighbors are allowed to relax radially so as to 


atoms of 
impurity’s 
minimize the energy of the system in its ground- 


state. 
centration of impurities so low that interactions 


These assumptions correspond to a con- 


among impurity atoms may be neglected, and to 
the commonly made approximation that only the 
“breathing (21) (the radial 
motion of all of the center’s nearest neighbors) has 
an appreciable effect on the energy of the system. 
The Heitler-London or tight-binding approxi- 
mation '22) is assumed valid; that is, the wave func- 


mode synchronous 


tions which serve as trial solutions are taken as 
orthonormalized, 
one-electron functions of the free atomic constitu- 
ents. In particular, the excited-states of the system 
to be considered are those wherein the impurity is 
in a state of localized excitation corresponding to 
one of its low-lying atomic levels. These levels are 
taken to be of sufficiently low energy that ex- 
citations of the host crystal will not be significantly 
coupled to them and that the resulting absorption 
bands will not be lost under the fundamental 
absorption of the host lattice. 

For convenience we shall adopt a double sub- 
script notation for electronic coordinates; this will 
consist of a pair of indices Jj where J runs over 
nuclear sites and; runs from 1 to Z,.‘°) In some 
instances it will be expedient to denote the im- 
purity’s electronic coordinates explicitly; in that 
event the indices Aa will be reserved for the center 
and the convention will be adopted that all running 
sums and products on J exclude A. In this notation 
the Hamiltonian for the system of Z,7(N—1) host 
electrons and Z,4 electrons centered on the im- 
purity in a static equilibrium lattice may be written 


as: 


H=—S DVAD D 
2 2 2 


ZZ ye" 
R;—R 
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+ oat Sd pa Sri + ViV(rn) x Vii. 


(2.1) 


The five the kinetic 
energy of the electrons, the potential energy of the 
nuclei, the potential energy of the system of elec- 
trons, the potential energy of the electrons inter- 
acting with the nuclei, and finally the spin-orbit 
interaction. In equation (2.1) the symbols e, h, c, 
and m have their usual meanings and Vj; is the 
gradient operator for the coordinate ry. The 
notation J: # Jj means that every term for which 
I = J and 1 = 7 is excluded from the summation 
and 2. 


terms are, respectively, 


over 1 
denoted by Ry. 
electrons and nuclei except electron Ji. $7; is the 


The positions of the nuclei are 
V(r) is the potential due to all 


spin operator for electron /7. We shall assume that 
the lattice maintains cubic point symmetry about 
the impurity A.* Nuclear kinetic energies are 
missing from (2.1). We assume the lattice to be 
static at its equilibrium configuration. 


3. TRIAL WAVE FUNCTIONS 
In treating the first-order problem we wish to 
find the eigenvalues and eigenfunctions of the 
Schrédinger equation 


HY, = E™,, (3.1) 


where H is given by (2.1). The method is straight- 
forward. It consists of finding the eigenvalues and 
eigenvectors of the matrix H whose elements are 
formed using a suitable complete set of trial func- 
tions chosen for convenience, and with the Heitler— 
London model in mind. 


(a) Ground-state 
An unnormalized zero-order ground-state crystal 


wave function may be written 


Xo(r, ©) = Aa Il baa(P sa, OAa) i Il dyi(r 7, G7). 
a t 


(3.2) 


* In particular we shall concern ourselves with a 
substitutional impurity in a face-centered cubic lattice. 
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Here. y is the usual antisymmetrization operator 
operating on all M electrons of the system and is 
defined as 


Ay = (M!)-1/2 


> (-P, 
; 

where P, is one of the M! permutations of M 
objects, (— 1)» is the parity of P,, and the sum 
runs over all M! permutations of electronic co- 
ordinates. The ¢,; are taken to be the normalized 
one-electron functions of an atom in its ground- 
state centered at nucleus J, and; denotes the set of 
central field quantum numbers, n/mms, describing 
each function. The vector (1, o) stands for the en- 
tire set of electron space and spin coordinates and 
will often be omitted for brevity. The products 
over J and 7 run from 1 to (N—1) and 1 to Z, 
respectively and the product over a runs from 1 to 
Za. 

In order to normalize X9 we adopt the well- 
known symmetrical orthogonalization technique 
introduced by Lowopin"418), In computing 
f|Xo|? dr the following overlap integrals are 
encountered: 


Sri, Ji = dii(f, o)*47;(7, oC) dr —67785; 
(3.4) 


The deltas are the usual Kronecker symbols. 
LOWDIN showed that an appropriate normalization 
constant compensating for the non-orthogonality 
of #7; centered on different nuclei is automatically 
introduced into Xq if one replaces each function 
dri by the following linear combination of func- 
tions: 

2x 

> (l+$)-?y;, xebxel(t, 6) 
(3.5) 
Here | and § are the unit and overlap matrices 
respectively. Conditions convergence and 
divergence of a power series expansion of the 
matrix elements encountered in (3.4) are discussed 
in detail in LOwp1n’s review. ‘!4) We shall assume 


such an expansion converges and write 97; ex- 


T 


gui(t, 6) = > 
K=lk=1 


for 


plicitly to second-order in S as 


esi = b4i-4 > D Skx,sibxet 


> SkrwiSi,sji¢Kk- (3.6) 
; 
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Retention of higher order terms would lead to 
formidable formal complications and an impractic- 
ally large quantity of numerical work. 

The following function is a simple multiple of 
Xo and is normalized: 


Vo(r, 6) = Ay I QAa(l Aa, O Aa) I I ori(1ri, 71). 
3.7) 


The ground-state energy of the system is then 
given by 


’ ’ * . 
Eo = ¥ oH 0 adr 
We shall consider its evaluation in detail later. 


(b) States of localized excitation 

A normalized state in which the impurity atom 
has been raised to an excited-state A is built in a 
manner completely analogous to that used in con- 
structing the ground-state. It is given by 


fala; r, 6) = AM I o'na(l Aa, O 4a) * 


(3.9) 


x i Il @74a(t ri, O71). 
t 


The symmetrically orthogonalized functions 9%, 
and 74,) are defined exactly as in (3.6) with the 
exception that wherever an atomic function ¢ 4q at 
site A appears, a function or, belonging to the 
atomic excited state A is to be used. The notation 
97i(Aa) is used only for I # A. 

Although we have built the state f4(A) from 
single determinants of one-electron functions it is 
feasible and desirable to use linear combinations 
of the zero-order functions which will diagonalize 
all or part of the atomic Hamiltonian. Thus, the 
localized excitation states actually used in the 
computation may be of the form 


D 4() = (3.10) 


> (H/A)faQ); 
A 

where the coefficients (u|A) are exactly those ob- 
tained from constructing linear combinations of 
zero-order determinants in the related atomic 
problem.‘ The states A and coefficients most 
convenient to use in treating the p*s configuration 
at sites of cubic symmetry use the Cartesian form 





ALBERT 


of the p function as given by Knox") and will be 
used throughout the present paper. 

We shall assume that excited states of the host 
crystal atoms are sufficiently energetically separ- 
ated from those of the p*s configuration of the 
impurity that they need not be mixed with the 
localized excitation here. If, for example, we 
consider an argon impurity in solid neon we have 
excitation energies of the order of 11-6 eV for the 
impurity compared with 16-7 eV for the host, (26,27) 


Host crystal absorption as treated in the work of 


DexTER'29) will not be considered in the present 


calculation. 


4. MATRIX ELEMENTS 

Since the Franck-Condon principle states that 
excitations will take place between Born-Oppen- 
heimer states having the same nuclear configura- 
tion, we may proceed to compute the first-order 
absorption energy using a static array of nuclei in 
positions corresponding to those giving a minimum 
total energy for the ground-state of the system, Ep. 
Using this ground-state energy as a reference we 


shall calculate 


Ey(u, pw’) (yu H pu’) — kd (4.1) 


where 


(yu H pe) ( Ya(wHY (’) aT (4.2) 


We shall explicitly treat the case of an excited 
impurity in a ps configuration. Its normal con- 
figuration is taken to be p® and it is assumed to rest 


where 
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substitutionally in an otherwise perfect monatomic 
lattice whose constituents are in p® normal states. 
It will be further assumed that the spin-orbit 
term of H [equation (2.1)] 1s “atomic” in nature, 
i.e. that the expectation value of VV x V contri- 
butes to (| |’) only in the vicinity of the nucleus 
of excited atom A. This assumption removes the 
necessity of considering spin-induced splitting by 
the crystal field, and is quite reasonable, since the 
atomic spin-orbit interaction is associated with the 
tightly bound p® hole rather than with the spatially 
extended s electron. These assumptions are dis- 
cussed by Knox in Ref. (15). As Knox has pointed 
out, great care must be taken in applying them to 
excited states where the atomic p function involved 
in the spin-orbit interaction is not tightly bound to 
its lattice site.6.28) Thus, we replace the last 
term of (2.1) by 


S éXrni)Lu + Sr, 


i 


(4.3) 


H, => 
I 


where Lj; is the orbital angular momentum oper- 
ator zhry; x V4 and &; is defined by 
&7(v) = (2m?c?v7)-10V(r7)/6r1, (4.4) 
in which r; r—Ry\. 
The matrix E;(, »’) connecting the twelve ps 
states discussed in Section 3 and in Ref. (16) is 
found to have the following form: 
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XY 
XY (3E-1 
yz| 0 
a? 2 
zZR| 0 
vY lL 0 


A3 = RGE+ C) 


The submatrices O denote appropriate blocks of 
zeros and the abbreviations “XR” = 3X?— R?* 
and “YY” = Y2— Z?2 have been used in labeling 
the rows and columns of Ag. The various quantities 
appearing in the matrix elements are defined as 


follows 


1E = | V4(X)*(H-H,)V4(X) dr—Ep, (4.9) 


3B = | W4(X’)*(H—H,)¥ 4(X’) dr —Ep, 
(4.10) 


C= 2] aX HW A(X') dr, (4.11) 


MC = —V/(2) | Pa X)*H A(X") dr (4.12) 


Although the non-zero matrix elements them- 
selves are considerably more complicated, E; is 
seen to have exactly the same form as the corre- 
sponding atomic p*s matrix.°4) BeTHE has shown 
that terms of different J will not mix regardless of 
the nature of the interactions in H, so long as H 
has cubic symmetry. 9) This accounts for the null 
submatrices in (4.5). One further expects the states 
X, Y, Z to be degenerate and uncoupled from one 
another; the same statement applies to X’, Y’, Z’. 
Thus we need concern ourselves only with optically 
preparable J = 1 states. We further notice that 
(4.6) is diagonal with respect to the Cartesian 
components of the P states reducing the secular 
problem to a two-by-two diagonalization involv- 
ing, say, Y and Y’ states. This is completely 
analogous to the secular problem encountered in 


work on phosphors like KCI : TI. 
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ZX 


(4.8) 


The quantities (4.9) through (4.12) have been 
computed in the S? approximation. This means 
that any quantity which involves more than two 
products of orthogonal or heterocentric wave 
functions is dropped. In the case of 1F and °F one 
first writes the total energy of the crystal in the 
form introduced by LOwp1n"®) with the exception 
that the Z4 wave functions associated with atom 4 
belong to appropriate zero-order excited-states of 
the atom. Then the original expression for Eo is 
subtracted analytically from (u|H|u) of the 
excited-state . A straightforward but extremely 
lengthy algebraic computation produces the result 


(4.13) 


| 


SE = egtectexrtetrter, 
where e€,4 is the difference between the energies of 
the pure-triplet and ground-states of the free 
atom, and the ““Coulomb’’, ‘“‘exchanges’’, ‘““LOw- 
DIN’’, and “three-center’’ terms are defined, re- 
spectively, as 


a [i+ > > (Sixx, sa)”] | |psal2C4 dr 
K k ‘ 


a 


(Sxz, 1a)" | | db Aa 2C'A dr 


db xnl2(CAK 4 C4) dr 


+> > > (Ske, 4a)? | 
aK &k 


—(Sxx, aa)” | \bxx|2(CAK + Ca) dr] 


adhe 


B >. (Sxx,a3)" | |Ox/*(Ca—Ca)ds, 


vo, 
f bk OS*K j 


(4.14) 
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S SS [(Kk, Aalg|Aa, Kk) — 
aK k 
—(Kk, Aa\g|Aa, Kk)}, (4.15) 


S S (Ske, sa)°(Kk, Aalg|Kk, Aa) — 
a rr CO 


—(Sxr, sa)*(Kk, Aa\g|Kk, Aa)|, (4.16) 


1F differs from °£ only in that appropriate (singlet) 
radial wave functions are used in the computation 
and ¢€,4 is to be taken as the energy difference 
between the pure-singlet and ground-state energies 
of the free atom. 

It should be pointed out that the last terms of 
both (4.14) and (4.17) were omitted by KNox in 
each of his corresponding equations. !°-16) However 


‘ ‘ = _ YE _k =A 1 
> p2 [Sxx, sa | Psa(2CK4+CK+Ca4)b xr dr— 
K &k ; 


F _— _k 
baq(2CK4+Cx 


S > Dd Sxeai | dx Ca—Ca)dbsj dr 
- : 


SK j 


In equations (4.14) through (4.17) a bar over any 
symbol means that wave functions from the excited 
(triplet) configuration are to be used when atom A 
is involved. Elsewhere, ground-state functions are 
used. The following additional abbreviations have 


been made 


(11, Jj\g Kk, Ll) 


db Kx( ] \bz)(2) aT 
(4.20) 


| bri(1)*b7;(2)* 
‘ 12 
Thus, Cy is the classical Coulomb potential due 
to the entire atom ZL when its electrons are in states 
labeled / 1,2,...,.Z7,, and CL, M,--»T is the 
combined potential due to all atoms in the lattice 
except L, M, ... T. When the k-th electron is to be 
excluded from the sum in C;(r), we write C*(r). 
The summations over a in (4.14) through (4.17) 
run over the configuration 1s? ... mp in the ground- 
state and over 1s*... mp°n’s when the center is 
excited. In the latter case the mp functions may be 
chosen as npx+, npx—, npy+, npy—, npz+. It 
has been shown"? that in the S? approximation 


+(¢ « \b Kk dr] — 


(4.17) 


they are both small in magnitude and probably 
give rise to no serious numerical errors in his work. 

The atomic wave functions used in computations 
from (4.14) through (4.17) must be solutions of the 
atomic Hartree-Fock equations. If they are not, 
additional exchange corrections as given by 
L6wpINn"4) are necessary. 

Knox has given many helpful formulae for the 
evaluation of ec, ez, ex, and e7™5) and we have 
developed others which are particularly convenient 
for performing sums in a distorted lattice. All of 
these terms are of importance when computed nu- 
merically for the case of an argon impurity in solid 
neon. The first three give rise to appreciable 
depressions of the excitation energy. The three- 
center term provides a very large positive contri- 
bution. 

After a tedious derivation, we find the spin- 
orbit parameters A and ¢ are given to order S? by 
the relationships 


C _ [1 +? > * (See ness 2 lot 
K ek 


> Sct une SKk’,npz x 
‘2k 


x ( d Krl1 sh Kk’ dr- 


ia! > > (Se nee hxc sdnpz dr), 
a P (4.21) 
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AL = {1+8> > ((Sxenpe+)?+(Sxe,npes)?}Avbot+ 
x US 


Sick,nperS Kenpe+ | dKtHsb Kx dr) — 


—43 ¥ = (S xe, age bkr sdnpz+ dr+ 
4 F * 


P npz } Ash xr dr) 
(4.22) 


+ SK, npz 


Here ¢, and A, are the atomic spin-orbit para- 
meters and primed quantities with a bar over them 
are to be evaluated using functions belonging to 
the atomic pure-singlet. Equation (4.22) is identical 
with the similar expression given in the appendix 
of Ref. (28). Equation (4.21) is derived in an 
entirely analogous manner. In the argon-in-neon 
computation only those terms containing ¢, and 
Ayfy contribute appreciably to the spin-orbit para- 
meters of the system. The remainder are listed 
here for the sake of completeness. 

It must be pointed out that the simplicity of the 
first-order expressions for the excitation energy 
presented above is a result of taking energy 
differences with the nuclear positions held fixed. If 
one wished to perform a complete calculation for a 
configuration coordinate model this analytic pro- 
cedure could not be used because of the presence 
of many terms dependent parametrically on nuclear 
positions. However, if one were able to construct a 
suitable ground-state configuration coordinate in 
some appropriate and simple manner (perhaps 
semi-empirically) the first-order excited state 
curve could be constructed, in principle, by re- 
peated point by point application of the results of 
the present section. 


5. VAN DER WAALS INTERACTIONS 

Since the bonding of a molecular crystal is 
entirely due to van der Waals forces it seems neces- 
sary to take them into account in a computation of 
excitation energies. In the usual treatment of such 
problems it is customary to expand the electro- 
static inaction between pairs of atoms in a multi- 
pole series and then to treat the dipole-dipole (and 
perhaps the dipole—-quadrupole) interactions ex- 
plicitly. These are written in the form —(q Rib + 
+coR $+ ..) Where Rjg is the internuclear 
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separation and ¢, and c2 are constants, The validity 
of such a procedure in cases where the charge distri- 
butions involved are overlapping has been dis- 
cussed in detail by Brooxs™®), He concludes that 
though the procedure is, of course, not rigorously 
justified, it nonetheless may be expected to give 
reasonable results if only the lower order terms of 
the expansion are considered at small internuclear 
separations. 

In solids it is usually assumed that only two- 
body interactions are of importance and the van 
der Waals energy is evaluated using the simple 
lattice sums given by LENNARD-JONES and 
INGHAM®!), Three-body interactions in solid argon 
have been examined by AxILRoD and have been 
shown to be negligibly small.) 

Theoretical study of dipole—dipole interactions 
has been conducted along two principal lines. The 
first is the use of second-order perturbation 
theory. A rigorous pursuit of the treatment would 
require the knowledge of all of the excited-state 
wave functions of the constituents of the system 
and is therefore so difficult as to be out-of-the- 
question. ErsENscH1TZ and LONDON introduced 
certain simplifying assumptions into the theory 
which permit the computation of van der Waals 
constants to be made from an empirical knowledge 
of the polarizabilities and first ionization potentials 
of the atoms involved.3) MarGENAU has given a 
thorough review of progress made in its applica- 
tion.°4) The second approach is the use of the 
Ritz-Rydberg variational principle. Earliest work 
with this method was carried out by SLATER™®) 
and Kirkwoop6) and it was further developed 
by BuckincHaM"®), Here knowledge of the wave 
functions of the constituent atoms in the state of 
immediate interest is sufficient to perform the 
computation. 

There are two objections to the use of the 
Eisenschitz—London method in the present com- 
putations. First, the polarizabilities of rare-gas 
atoms in excited-states are not experimentally 
known. Second, the use of such a procedure would 
seem contrary to the spirit of computing the ex- 
citation energies from first principles. Thus, we 
adopt the method of BUCKINGHAM to compute van 
der Waals constants for the ground- and excited- 
states of our system. The energy differences thus 
encountered will be added to the first-order ex- 
derived from the results of 


citation energies 
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Section 4. A calculation of van der Waals inter- 
actions formally similar to ours has been made by 
POTEKHINA in considering the system NaCl : Ag.“ 
BUCKINGHAM computes the dipole-dipole inter- 
action ketween two atoms assuming that the wave 
function for the system is represented by a simple 
product of the two (antisymmetrized) atomic 
wave functions. The details of the computation 
will not be repeated here.* The result for the 
dipole-dipole interaction is as follows 


Ea-a = —C(I, 2)/R$, (5.1) 


(R2)i(R2)3;/[(R2)1e + (R2)ay], 


where 
(Kk\r2|Kk)— > 
k’ #k 


+(Kk|y|KR’)?+(Kk\3|KR’)?]. 


(R?) x) [(KR|x| KR’)? + 


(5.3) 


In the matrix elements of (5.3) the symbols 
r, x, y, # retain their usual meaning as coordinates 
measured from the nucleus of atom K. The 
summations on 7 and j in (5.2) run only over 
quantum numbers occupied by electrons in the 
atomic state considered. We include this last state- 
ment to emphasize the fact that electronic wave 
functions belonging to higher excited states are 
unnecessary in BUCKINGHAM’s formalism. 

Only the dipole-dipole interaction will be taken 
into account in the present computation. Dosss 
and Jones have discussed the validity of neglecting 
higher order terms for the ground-state of rare- 
gases and conclude that satisfactory fits to elastic 
and thermodynamic data may be made using a 
simple LENNARD—JoNeEs (12, 6) potential.) It 
would seem inconsistent to include higher multi- 
pole effects for the excited-states without also in- 
cluding second-order exchange interactions be- 


tween pairs of atoms; the use of a simple product of 


atomic wave functions as encountered in BUCKING- 


HAM’s work excludes these. 


* Though we have verified BUCKINGHAM’s final results 
we note that several of the evaluation theorems con- 
cerning integrals containing products of minors of 
SLATER determinants are incorrect. However, the errors 


made seem to be compensatory. 
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6. OSCILLATOR STRENGTHS AND INTEGRATED 
ABSORPTION COEFFICIENTS 


Using the customary procedure?) for the exact 
diagonalization of the two-by-two matrix con- 
necting the J = 1 singlet and triplet states of the 
same m the following expressions are obtained for 
the dipole matrix elements for electric dipole 
transitions to the optically preparable first-order 
states of the p*s configuration 


1M = | ¥(1So)* S erg¥(P1) dr 


+02F 2) 1 2 do, (6.1) 
3M = | ¥(1So)* S er¥(BP}) dz 


(14+.F2l-2)-1/2 do, (6.2) 


Here do is the dipole matrix element obtained 
evaluating the integral 


[ ¥(So)* S er V@P) dr 


using wave functions belonging to the pure singlet 
state of the system. The spin-orbit parameters € 
and A are defined in Section 4, 


and A 1f—8F, Corrected to second-order in 
overlap do is given by 
dy = Mo+e, (6.4) 


where 


Mp = e 4 140(1)Thaspe,(r) ar, (6.5) 


Sii,3pz, dyserdyi dr 
Sri, Is b3px eV dri adr 


» S13 px, Si, As | er by\? dr. (6.6) 
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The quantity 6 is a correction term which accounts 
for the fact that the expressions 


. 


| ? (T)P,(1) dt —Sy 


do not in general vanish. It is defined and com- 
puted in Appendix A of Ref. (15). 

In complete analogy to the free atomic case '?7;?8) 
the oscillator strengths for the singlet and triplet 
transitions are given, respectively, by 


872(1P}, 150) (|do|?—|p|”) 


——_—_ — : (6.7) 
he? (1+ 02.4 -?) 


lf = 


82r°v(8P1, 14S9) (dol? — 


he? 


where the quantities »(A, 4S) are the first order 
transition frequencies. ‘The quantity |do|*— |p|? 
instead of |do|* is used in the numerators of (6.7) 
and (6.8) in order to eliminate terms of fourth- 
order in overlap. 

Following DexTer'?®) we write the integrated 
adsorption coefficient as 


- 1 /2me7h\ (n2+2 
ey 


—) No¥, (6.9) 


(E) dE = - 


n mc 


where “fis the oscillator strength for the transition 
as given above, No is the concentration of im- 
purities, and 7 is the index of refraction of the host 
crystal at the energy of the transition. The errors, 
uncertainties and implications of equation (6.9) 
are discussed in Ref. (20). 


7. CONSTRUCTION OF CONFIGURATION 
COORDINATES 

In order to compute the energies at which 
impurity-induced absorptions and emissions will 
occur it is necessary to have a knowledge of the 
energy of the system as a function of all nuclear 
coordinates. Since this is obviously an impractical 
task using all 10?° nuclear coordinates involved, it 
has become customary to reduce the number 
which are taken into account to a tractable few, in 
particular, one. The coordinate customarily re- 
tained is the so called “breathing mode”’ which 
involves only the synchronous radial motion of the 
impurity’s nearest neighbors."+3,4) In addition to 
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being the local mode which intuitively seems most 
effective in determining the energy of the system, 
it possesses, in a cubic lattice, the further virtue of 
preserving the simple symmetry properties of the 
system. We shall adopt its use without further ado, 
noting only that a justification can be given for the 
formal procedure of treating only one mode, even 
when many modes of oscillation are known to be 
important, 6.7a) 

The ground-state configuration for a dilute 
rare-gas alloy could, in principle, be computed by 
repeated application of LOwp1n’s method for the 
determination of binding energies. However, in the 
absence of ionic (Madelung) contributions en- 
countered in computations involving, for example, 
alkali-halides, task becomes 
difficult, involving poorly known small differences 
and the 


this exceedingly 


between large numbers inaccuracies 
attendant to strong dependence on the tails of 
Hartree-Fock atomic wave functions. For excited- 
states involving highly overlapping wave functions 
the situation is even worse and the labor involved 
multiplied. Thus, in the present paper, we resort to 
a semi-empirical treatment. The ground-state 
configuration coordinate is constructed using a 
Lennard-Jones (12,6) potential and the data on 
rare-gas crystals compiled by Dosgs and Jones”). 
The excited-state configuration coordinates are 
constructed from a (12,6) potential using a van der 
Waals constant computed by the method of 
Section 5 and a repulsive coefficient determined by 
the energy difference between the ground-state 
minimum and the excited state calculated using the 
formalisms of Sections 4 and 5, at the ground-state 
equilibrium lattice Thus, 
energies may be computed on a classical, pheno- 
menological basis, in analogy to the method which 
has been used in heavy-metal sensitized alkali- 
halide phosphors. :4) These results should not be 
taken to represent a theoretical determination of 
luminesence spectra from first principles. At best 


distance. emission 


the emission predictions are of a semi-quantitative 
or qualitative nature. 


(a) Ground-state equilibrium 
The interaction energy of a pair of rare-gas 
atoms may be written empirically as 


E(Rap) = 4e4n[(o428/Raz)!? —(048/R4B)*], 


(7.4) 
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where R4p is the internuclear distance between 
atoms A and B, €,4z is the depth of the potential 
well between them and 4, is the intercept of the 
potential on the R4g axis. Using the results of 
LENNARD-JONES and INGHAM®!) we may write the 
interaction of a single atom of type A with the rest 
of an undistorted face-centered cubic lattice com- 
posed of atoms of type B as 


E(a4p) = 4€ap{12-13(048/a48)'? — 


—14-45(c4R a4pB)*), (7.2) 


where a4p is the nearest neighbor distance for the 
host lattice. To account for the relaxation of the 
nearest neighbors of the center in determining the 
ground-state equilibrium position we correct (7.2) 
to read 


E(aap+q) = 1(a44p)+AE;(q)+ AE2(q), (7.3) 
where in a face centered cubic lattice 
AF\(q) = 48¢4[(04B/a4B)'* —(04B/a48)* — 


—(o4p/[44n+ q])!2+(c4n/[a4B+4])*], 


’ 


AE2(q) = 96exp[(oBB/44n)'* —(oBB/a44B)* — 


—(opp/[a4ap+q])!*+(ozp/[a4B+4])9). 


Here q is the deviation from the host crystal nearest 
neighbor distance in the separation of the atoms 
in the breathing shell from the center. AFj(q) 
represents the change of the interaction between 
the impurity and its neighbors; AFo(q) is the 
change in energy among the host atoms. The 
equilibrium distance for the ground-state is found 
simply by inserting the empirically determined 
nearest neighbor distance for the host as a4p and 
differentiating (7.3) with respect to g. 

In deriving the equilibrium position from the 
data given by Dosss and Jones”) it is necessary 
to use the following well-known semi-empirical 
“combining relationships’ for the constants €4z 
and o4p. 38) Given that €44, €BB, CAA, OBB are the 
constants appropriate to pairs of atoms of the 


same species we have 
n 6 3 3 1/2 ~ 
€ABT 4p = F447 pplEAACBB) 5 (7.6) 


> 
] 


€4B = (€4aepp)'* 
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(b) Luminescence spectra 
It is convenient for our present purposes to re- 
write (7.1) in the form 


A AB 


C(AB) 


912 D6 
Rip Rip 


E(Rap) =- (7.8) 
Here C(AB) is the same as the van der Waals con- 
stant encountered in Section 5 and Ajyp is the 
appropriate constant for the repulsion. Then for 
the system as a whole in an excited state we write, 
(neglecting small changes in host—host interactions) 


Fans —“Eatomic - é3 | = 
B 


[“C(AB) —°C(AB)] ) 
ORS? 


AB 


YE \um—"“Eatomic = > l . 
B 


[“C(AB)—°C(AB)] | 
aaa Sails | 


AB 

In (7.9) and (7.10) the prescript zero refers to the 
ground-state, the prescript jz on the various 
symbols indicates the excited-state to which ab- 
sorption and from which emission takes place, 
#E,ps is the absorption energy at the ground-state 
equilibrium as computed from Sections 4 and 5, 
“Es tomic is the excitation energy of the correspond- 
ing atomic state, and the “R4,z are the equilibrium 
separations for the states in question; “Ejym is the 
energy of the emission from the minimum of the 
excited state curve. Knowing /Eaps, “Eatomie, 
9R4p, °A44p and the various van der Waals con- 
stants we may proceed to calculate “A4z, “Rap, 
and hence “Ejym. Again we emphasize that such a 
procedure is no better than semi-quantitative. 


(7.10) 


8. GENERAL REMARKS ON THE COMPUTATION 
FOR THE SYSTEM Ne:A 


Though several computations of a_ semi- 
quantitative nature have been carried out for im- 
purity states in ionic crystals, no detailed quantita- 
tive account of them has been made in the tight- 
binding approximation. KNox has carried out the 


first complete numerical calculation of optical 





IMPURITY 


absorption by a pure crystal based on the present 
first-order formalism. 5.16.17) The most ambitious 
attempts at treating the impurity problem have 
been made by WiLL1AMs®) and PoTEKHINA™) who 
did not explicitly account for overlap. This is 
wholly understandable in terms of the amount of 
labor encountered in the numerical evaluation of 
energies through terms of order S?.* 

We have chosen to consider the system Ne : A 
in detail for several reasons. The lattice, in its 
ground-state, is a cubic array of neutral atoms in 
closed-shell configurations and the absence of 
strong ionic or covalent bonds leads to relatively 
large interatomic spacings. Thus, we would ex- 
pect the tight-binding approximation to hold best 
in such a simple molecular crystal. Neon is the 
rare-gas of lowest atomic number which crystalizes 
in a cubic lattice, and argon is the lightest rare-gas 
which has a lower absorption than this host and 
will thus be expected to lead to minimum lattice 
distortion; finally, necessary Hartree-Fock atomic 
wave functions are available for both species in the 
states to be considered. 26,39,40) 

Only states built from the 3p°4s configuration of 
the argon impurity will be considered. Hartree- 
Fock functions for the higher excited-states of the 
argon atom are not known and, in any event, their 
inclusion would force explicit consideration of 
configuration interactions both between the atomic 
argon states and with the excited states of the host 
lattice, vastly increasing the complexity of the 
problem. 

The two- and three-center integrals involving 
atomic wave functions are evaluated using the 
alpha-function method of L6wp1n"4) which was 
used in a somewhat different notation by Kuni- 
MUNE“!), As the lattice constant representative of a 
real neon crystal we choose 5-9 ap (nearest neighbor 
distance) in accordance with the recent measure- 
ments of HeNsHAw"?), Using the method of 
Section 7 the equilibrium separation of the 


* Note added in proof: Since the completion of the 
present work the paper of PoTEKHINA N. D., Opt. 7 


Spectrosk. 8, 437 (1960) has appeared. In it ab- 
sorption and emission energies are calculated in a con- 
figuration coordinate model for the 3D term of the 
4d°5p configuration of the silver ion impurity in NaCl : 
Ag. Overlap is taken into account to second-order but 
spin-orbit interaction is neglected. There seems to be 
some question about the convergence of the overlap 
expansion in the calculation which is not discussed. 
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impurity from its nearest neighbors is found to be 
6:3 ao. Ground-state and excited-state argon 
functions were interpolated and tabulated at con- 
stant intervals of 0-05 ag for use in computing the 
necessary alpha-functions. Ground-state neon 
functions were similarly treated. The interval 
0-05 ap was chosen because it was small enough to 
yield a reasonable picture of the wave functions as 
they varied rapidly near the nuclei, but large 
enough to restrict the functions to a reasonable 
number of tabular entries. (It was also small 
enough to ensure the accuracy of the necessary 
“Simpson’s rule’’ integrations.) Because of the 
large spatial extent of the singlet and triplet 4s 
functions it was necessary in many instances to 
extend the computations through third neighbors 
and through 1s functions on the neighbors. 
The numerical work described herein 
carried out at the University of Rochester Comput- 
ing Center, using an IBM type-650 Magnetic 
Drum Data Processing Machine. ‘Three machine- 
language programs by Rimmer and Knox were 
used for the major tasks of evaluating alpha- 
functions and double and single integrals. 4?) The 
computation required about one-hundred and 
thirty hours of machine running time. Analytic 
reduction of the integrals to explicit form for 
machine evaluation, organization of the material 
and preparations for machine operation consumed 
something over twice this amount of time and 
about one-hundred and twenty thousand punched 


cards. 


was 


9. COMPUTATION OF FIRST-ORDER ENERGY 
PARAMETERS 

Our first task will be the computation of the 
“electrostatic” energy change, 25+1F, of (4.13), 
giving the first-order energy change of the system 
when the impurity is raised from its normal con- 
figuration to a state of definite multiplicity 2S+ 1 
in the 3p°4s configuration. Equations (4.14) 
through (4.17) are used in obtaining 245+1F from 
Hartree-Fock functions. The quantities A and ¢ 
are computed from equations (4.21) and (4.22). 
The lattice sums encountered in these computa- 
tions are straightforward and most have been 
treated in Ref. (15). Only the essential features of 
the numerical work will be presented here. 

Table 1 summarizes the first-order electrostatic 
contributions as listed in equation (4.13) for the 
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Table 1. Contributions to 1E and *E, the first-order electrostatic energy of the pure- 
singlet and triplet crystal states relative to the ground-state. A discussion of the 
calculation is given in the text. All energies are measured in electron volts 


Singlet 


Interaction Contribution 


singlet and triplet terms. The quantities «4 are the 
pure-singlet and pure-triplet energies computed 
for the free atom in Ref. (26), with a probable error 
of +0-5 eV given there for both quantities. 

The various difficulties and errors encountered 
in the evaluation of e,, ex, and all but the last 
terms of ec and er have been discussed previ- 
ously. 7) 

The principal source of error in €c is the neces- 
sity for computing the small differences between 
the large electron-electron and electron—nucleus 
interactions. The exchange eX, 
present an entirely different problem. The alpha- 


interactions, 


function expansions encountered converge so 
slowly that extrapolation methods must be used to 
sum them in many instances. The three-center 
term, «7, combines, to some extent, the problems 
encountered in computing both ec and ey. ez 
presents no particular difficulties and has a high 
numerical accuracy. 

The last term in ec is found to be negligibly 
small, depending as it does on the squares of over- 
laps of ground-state neon functions and yields a 
contribution smaller than the numerical accuracy 
to which it can be computed. In any event, ec is 
completely dominated by the terms involving the 
excited 4s electron. 

The last term of e7, which was omitted by 
Knox"), may be written as a sum over terms of 
the form 


. 


eSn ri’ | dridri' 


Running total 


Triplet 


‘ontribution Running total 


2-169 
3-114 
— 6°839 
+ 0-827 


+11-188 +12-015 


We may think of d7¢77 as a fictitious “overlap 
charge distribution” of magnitude S774’. For 
a + 4s we find that the contributions to the 
nuclear and electronic parts of (9.1) are nearly 
cancelling and give rise to contributions of the 
order of e7(.S7;,74’)?/R where R is the distance of 
the “center of gravity” of the fictitious overlap 
charge distribution from the nucleus of the im- 
purity and is in general no less than the smaller of 
Ry; and R7’. In the case a = 4s we find that the 
deviation from e9(S7;,774’)?/R for the electronic 
part of the coulomb interactions is of the order of 
6 to 7 per cent. The largest overlap integrals en- 
countered among ground-state neon functions are 
as follows: (all are for first neighbors) 


S(2px, 2px)6.3a, = —9-00609; 

S(2px, 25)6.3a, = —9-00203; 

S(2s, 28)6.3a, = 0-00023. 
Of these only the last will fail to suffer large can- 
cellations during the performance of the lattice 
sums over J and J’. Because 67:4, does not over- 
lap appreciably with nucleus A, we find that the 4s 
term is a sum of terms of the order of 

(1-07)e?(.S74, ri’)? R-e (Si, 1v’)?/R. 
The resulting contributions of order 
(0-07 )e?(S74, ri’)?/R, 

where R > 6:3 ao, (the largest single contribution 
is of the order of 4 x 10-6 e?/ao) are well below the 
limit of our computational error in computing the 


individual integrals of the form (9.1), not to speak 
of the over-all computational error in e7. Thus, 
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these terms will be neglected in the present cal- 
culation. 

It should be noted at this point that the so-called 
“three-on-one’’ terms give the largest contribution 
to er. These are the terms formally included in 
(4.17) which involve only two centers. In the case 
of the singlet they amount to 6-960 eV and for the 
triplet to 6-526 eV. Again, as in all of the other 
parts of (4.13), the excited 4s electron terms are 
vastly dominant. 


of its exciton absorption spectrum.” These last 
results are not surprising in light of the fact that 
the spin-orbit interaction involves the tightly 
bound 39 hole which is not strongly influenced by 
the crystal field. 

Diagonalizing the two-by-two matrix 


1E —N/4 @) 


| (9.4) 
—AL/4/(2) SE +L 


we arrive at the following values for the first-order 


Table 2. Van der Waals constants computed for various pairs of rare- 
gas atoms from wave functions using Buckingham’s variational method 
compared to various experimental determination. The values in the 
second column represent the range found by Buckingham using various 
experimental data. Those in the third column are computed from the 
work of Dobbs and Jones fitting the constants for a (12,6) potential 
with data on pure solid rare-gases. Symbols are defined in the text. All 
constants are in units of 10~® erg cm® 


Constant Present calc. 


°C(Ne, Ne) 
°C(A, A) 
°C(A, Ne) 
1C(A, Ne) 
3C(A, Ne) 


6°77 
129-02 
27°85 
101-66 
92°81 


Using an over-all estimate of ten per cent for the 
computational error resulting from the computa- 
tional difficulties previously discussed we write, 

1k 
3 


(9.2) 


The spin-orbit parameters ¢ and A have been 
computed using equations (4.21) and (4.22). It is 
found that the only appreciable contributions in 
each case come from the leading terms (the 
coefficients of {, and Apfp). We obtain the results 


= 0-:1159 eV 
A = 1-001. 


(9.3) 


The value of {, is 0-1157 eV for the free atom, and 
A is identical with its atomic counterpart A». We 
note the interesting fact that the values (9.3) are 
precisely the same as those obtained for a pure 
argon lattice in connection with the computation 


Dosss and JONES 
(expt.) 


BUCKINGHAM 
(expt.) 


8-51 
104-78 
29-88 


excitation energies of the 3p°4s configuration: 
LW = 12:18+1-:2eV 
3W = 12-:014+1-2eV 


(9.5) 


Here 1£ and 3£ are the pure-singlet and triplet 
excitation energies computed above, and 'W and 
3W are the eigenvalues of (9.4). 


10. COMPUTATION OF VAN DER WAALS 
ENERGIES 

In an attempt to ascertain the accuracy of 
BUCKINGHAM’s method") for the evaluation of 
van der Waals constants we have calculated the 
coefficient of the R~6 interaction for pairs of argon 
and neon atoms in their ground-states as well as for 
argon—neon with the argon atom in various states. 
These results are presented in the first column of 
Table 2. The second column represents values 
computed by BucKINGHAM using various experi- 


mental data (e.g. atomic polarizabilities, second 
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virial coefficients, and scattering cross-sections). 
The values in the third column are derived from 
the (12,6) potential constants computed from ex- 
perimental data on pure neon and argon lattices by 
Dosps and Jones. The entry for 9C(A, Ne) in that 
column is derived using the semi-empirical 
“combining relationships” of Section 5, i.e. by 
demanding that C(A, B) = [C(A, A)C(B, B)}}. 
Rather than enter into a detailed (and probably 
fruitless) argument of the merits of the various 
numbers encountered we shall content ourselves 
with noting that the computed constants are at 
least semi-quantitatively correct, and are, in any 
event, the best one can do for the excited-states 
without a great deal more labor, which will be 
shown to be unjustified. However, one should be 
cautioned not to take them in too literal a fashion. 

We have used calculated values for the pure- 
singlet and pure-triplet van der Waals constants 
and values derived from the empirical data of 
Dosps and Jones for the ground-state van der 
Waals constants to compute a correction to the 
first-order excitation energies. Writing “Eaps = 
HW+¥E,aw where “E,aw = Eq—a()— Ea_a(' So) 
we have 


1Faps = 11-69 eV 
3E aps = 11-58 eV 


(10.1) 


Taking the accuracy of the dipole-dipole energies 
to be +25 per cent, the estimated errors in (10-1) 
are +1:3 eV. 

Using the same values of the van der Waals 
constants as in the computation of the correction 
to the absorption energy and the value °Aane = 
2-653 x 10-194 erg cm!* derived from the empirical 
potential for the ground-state in equations (7-9) 
and (7.10) we obtain the following phenomeno- 
logical predictions for the emission energies: 
= 22-139x 10-194 erg cm!"; 3Aane = 
and 1Rane = 7:41 ap; 


1A ANe 
23-211 x 10-1 erg cm!?; 
3Rane = 7°59 ao 


1Eium = 11-26 eV 
3Eium = 11-11 eV 


(10.2) 


In obtaining (10.2) we have used the values 
1B atomic = 11°36eV; %Eatomic = 11:19 and the 
absorption energies (10.1). These results are to be 
considered no more than semi-quantitative and are 


included because they are simple to obtain while 
still being of some interest. 

The values of “R obtained are a clear indication 
of the uncertainty of the computation. They in- 
dicate that the predicted emissions will take place 
at a breathing-shell separation which is greater than 
the normal lattice constant (7-1 ag) of a pure argon 
crystal. They also state that 9R >1R, a result 
contrary to what one would expect considering the 
relative extent of the singlet and triplet charge 
distributions. 


11. OSCILLATOR STRENGTHS AND INTEGRATED 
ABSORPTION COEFFICIENTS 
Using the formalism of Section 6 and the 
computed values 6 = 0-20 (this value is taken from 
Ref. 26) and A = 1£—8E = 0-095 in addition to 
the computed first-order energies and spin-orbit 
parameters we obtain the following values for the 
dipole matrix elements encountered: 
Mp = 0-379ea0; p = 0:078¢ea0; 
do 2 p|* = 0-202¢?a5. 
These values give oscillator strengths 
lf = 0-164 


11.1 
3f = 0-017. oe 


These may be compared with calculated values of 
the free argon atom of 1f = 0-185 and %f = 
()-052.°6) Since the computed oscillator strengths 
have a very strong dependence on A, a quantity 
which is a poorly known small difference of large 
numbers, we assign a probable error of +20 per 
cent to the singlet value and +40 per cent to the 
triplet. These represent the same range of un- 
certainty encountered in the atomic calculation, 
wherein the problems encountered are much the 
same. 

The integrated absorption coefficients obtained 
using the oscillator strengths (11.1) are 


| pa(E) dE = 0-84 x 106No eV cm7! 


| w3(E£) dE = 0-09 x 10®No eV cm~! 
where No is the fractional concentration of the 
impurity. Since we have no knowledge, experi- 
mentally, of the index of refraction of the argon 
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host crystal at the energies of the absorptions, and 
since a calculation of these indices is beyond the 
scope of the present work, we have arbitrarily 
adopted a value of nm = 1 in (6.9). Thus, the results 
(11.2) should be taken as being of an order-of- 
magnitude quality. 


12. DISCUSSION 

We have presented a generalization of the 
Heitler-London approximation for the ground- 
and excited-states of a substitutional impurity in a 
solid rare-gas crystal. Explicit consideration has 
been given to the overlapping of heterocentric 
atomic wave functions and spin-orbit interaction 
in determining the first-order excitation energies 
and oscillator strengths. The equilibrium ground- 
state lattice configuration has been calculated from 
an empirically obtained (12,6) potential, but the 
remainder of the first-order absorption calculation 
has proceeded from first principles. Van der Waals 
corrections to the excitation energies have been 
computed using a variational procedure. Predic- 
tions of the emission energies have been made on a 
phenomenological basis using computed excitation 
energies and excited-state van der Waals constants 
and the empirical interatomic potential for the 
ground-state. 

In calculating the first-order excitation energies 
three basic assumptions have been made. They 
are: (1) the assumed validity and accuracy of the 
atomic Hartree-Fock functions involved, (2) the 
neglect of perturbations on pure 3p°4s states by 
higher excited-states of the impurity and by host 
crystal excited-states, (3) the assumed convergence 
of the LOwprn orthonormalization series at terms 
of order S2. 

The use of Hartree-Fock functions for the 
excited state of the impurity probably places a 
lower limit of 5 per cent on the attainable accuracy 
of the first-order calculation. The dipole matrix 
elements derived from these functions, depending 
as they do on the tails for their accuracy, are 
probably given to not much better than 20-30 per 
cent, (26,27) 

Ref. (16) discusses the neglect of configuration 
interactions in connection with the exciton 
problem in solid rare-gases. The conclusions 
drawn therein may be taken over bodily to the con- 
sideration of higher excited-states of the impurity 
itself and do, indeed, justify their neglect. The 
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difference of almost five volts between the pre- 
dicted absorption energies of the present work and 
the atomic absorption to the 2p°3s state of neon 
suggest that host crystal coupling may be neg- 
lected. Although Knox has predicted a depression 
of the order of two-and-a-half volts in going from 
the free atom to the first exciton bands of solid 
argon'1?) giving rise to absorptions in the neighbor- 
hood of 1380 A (9 eV) in the crystal, his con- 
clusions seem to be in disagreement with the ex- 
perimental work of ScHNEPP and DressLer‘?) 
wherein no absorption is observed in solid argon at 
wavelengths greater than 1200 A (10-3 eV). In 
addition, SCHNEPP and DReEssLER observed ab- 
sorptions in solid xenon and solid krypton which 
were within 0-1 eV of their atomic positions. Thus, 
we conclude that there are unlikely to be any states 
of the neon host lattice which are appreciably 
coupled to the argon 3p°4s transitions. 

The third assumption above is without doubt 
the worst made in the present computation. ‘Table 
3, consisting of overlap integrals between an ex- 
cited argon atom and a neon atom in its normal 
configuration, calculated for various interatomic 
separations, is presented for general reference. It 
will be noted that, in point of fact, LOwp1N’s“?) 
condition for the divergence of the sum 


> Sui, Kk > 1 
Kk 


(for any jj), is met at the computed equilibrium 
breathing shell position of 6-3 ao from the center. 
This is to say that 


* S45, 128 3-217 > 1. 
I 


However, the situation may not be as dire as first 
appearances indicate. We note two points (other 
than the very weak support of present experi- 
mental evidence which indicates that absorption 
lines are little shifted from their atomic positions 
for various other impurities in solid rare-gases). 
First, we have computed the relevant overlap 
integrals at various interatomic distances and find 
that the series do meet LOwpIN’s criterion for 
convergence, 

> S4a,ri| < 1 (all 12), 
7 


at breathing shell distances of 6-7 and 6-9 ag for the 
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Several representative overlap integrals (computed with the wave 


functions of Refs. 26 and 40). All 4s functions belong to the singlet term of 
the argon atom except those which are primed and taken from its triplet 
term. The second term of each argument belongs to the normal configuration 
of the neon atom. These quantities are dimensionless and are functions of 
the interatomic separation R which heads the columns with values cor- 
responding to the equilibrium distances for the system in its ground-state. 
Standard nomenclature for p functions in a diatomic configuration is used 


6°3 ao 


R= 


‘03985 
‘04202 
‘09514 
‘09305 
00834 
‘00871 
01385 
00210 


pure-triplet and singlet states respectively, and also 
that the principal overlap integrals (in the sense of 
those most important in determining the energy 
parameters of the problem) suffer a change of 

10 per cent in going from 6-3 ap to their “radii 
of convergence’’. Further, the configuration co- 
ordinate curves, especially that for the ground- 
state, are quite flat, having a total energy change of 
about 0-1 eV above the minima in a range 5-9 ag 
to 7-6 ay. Since the phenomenologically predicted 
minima of the excited-state curves lie well beyond 
the minimum of the ground-state, small changes in 
the assumed point of excitation will have a rather 
small effect on the predicted absorptions. Thus we 
may expect the results computed at 6-3 ag to be 
physically reasonable. 

The computed van der Waals constants con- 
tribute a correction of the order of 7 per cent to the 
predicted absorption energies, and thus, great 
accuracy in their value is to the 
present work. Those for which comparison may be 


not essential 
made to the Doss and Jongs values for pure solids 
are seen to agree with a range of 6 to 25 per cent. 
This is certainly adequate for our present purposes. 
The use of van der Waals constants for states of 
pure multiplicity and with the neglect of overlap 
corrections is an expedient adopted in the light of 
the fact that additional corrections would be no 
more plausible than the results of the simple 


R = 8:3 ao R 10-2 ao 


0-02691 
0-02682 
0-04883 
0:04557 
—0-00441 
—()-00409 
0-00171 
—()-00018 


‘01461 
‘01399 
‘02361 
‘02106 
00209 
00186 
‘00020 
00001 


calculation, and the labor involved would be fruit- 
lessly multiplied. Further, it would seem incon- 
sistent to consider overlap explicitly in the van der 
Waals calculation while neglecting, as one does in 
the Buckingham formalism, inter- 
atomic exchange terms which are of order S?. 
The use of a phenomenological potential in 
computing the emission energies is, as previously 
noted, no more than a semi-quantitative calcula- 
tion. Experimental credence for this sort of pro- 
cedure is gained from the work of McCarty and 


variational 


Ropinson"!), They have succeeded in determining 
empirical potential constants (in particular, 
excited-state polarizabilities and repulsive con- 
stants) for various molecular impurity species in- 
troduced into a rare-gas matrix from optical mea- 
surements. They then find that these quantities 
give good agreement with experiment when the 
impurity is introduced into a different rare-gas 
matrix. They use the equivalent of the so-called 
“combining relations’’ of Section 5 in making these 
fits. We must note, however, that we have made no 
attempt to take into account such potentially im- 
portant considerations as the JAHN-TELLER?) 
effect in the luminescence calculation. Throughout 
the computation we work in the static approxima- 
tion. This is to say that we invoke the Franck 

Condon principle for the excitation and compute 
the coefficient on the 


integrated absorption 
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assumption that Born—Oppenheimer wave func- 
tions are applicable to the vibrating crystal and that 
the ConDoNn“*) approximation is valid. We have 
made no attempt to compute the temperature 
dependence of the spectra, or to compute the first, 
or higher-order moments using, say, the formalism 
of Lax), 

There exists, at present, no experimental data 
with which direct comparison of the results of the 
present calculation may be made. However, there 
are some results which at least serve to verify the 
“spirit” of our predictions. SCHNEPP and 
DRESSLER’s previously quoted experimental work 
on pure solid rare-gases™) finds absorption energy 
shifts of the order of tenths of volts from the free 
atomic values. SCHNEPP has also investigated the 
optical absorption spectra of magnesium and 
manganese atoms in rare-gas matrices and finds 


IN SOLID NEON 


centers. We present Table 4 for quick reference to 
calculated (blue) absorption line shifts of the 
present work. They seem to agree in order of 
magnitude with those discussed above. It is hoped 
that the experiments for the system Ne : A will be 
performed despite their technical difficulty. Such 
work would serve not only to test the present 
specific case, but would serve as an important 
guide in determining the validity of the Heitler 
London model for impurity centers, with the S? 
approximation, however, serving as an important 
qualification.* 

It seems both unfortunate and apparent that 
both the present calculation and KNox’s work?) 
share a common failing. The powerful tool of 
symmetrical orthogonalization has indeed pro- 
duced a formally correct procedure for performing 
the computation; however, the large amount of 


Table 4. Comparison of calculated absorption and emission energies 
with those computed for the free argon atom 


| 


E\um(eV) 


Absorption 


Eatomic(eV) Eaps(eV 


energy shifts of the same order of magnitude." 
These are positive or negative depending on the 
particular impurity and matrix involved. In all 
cases he finds splittings of the lines corresponding 
to the removal of the degeneracy of the P states. 
These are ascribed to the impurities finding 
themselves in sites of lower than cubic symmetry, 
e.g. in interstitial positions or surface sites. 
McCarty and Rosinson"!) have examined the 
absorption spectra of Hg, NH, Na, and C2 in 
argon, krypton and xenon lattices. Their results 
are of the same general tenor as SCHNEPP’s. Shifts, 
either red or blue, of the order of tenths of volts 
from the corresponding atomic lines are observed. 
Line splitting presumably caused by a multitude of 
trapping sites, including surface positions, are also 
noted, especially in the case of the sodium im- 
purity where extremely complex spectra are ob- 
served. Unfortunately, no measurements have yet 
been made of the luminescence, if any, from these 


blue shift (eV) 


11:26 
11-11 


numerical work involves Hartree-Fock functions, 
and in particular small differences between large 
numbers computed with them, so that our ex- 
tensive labors are rewarded with no better than ten 
per cent computational accuracy. 

The difficulty is that the Hartree—Fock functions 
are unavoidably not very accurate on the tails, and 
it is the tails that are responsible for the difference 
between electronic and nuclear electrostatic inter- 
actions between neighbors. Further, we have con- 
sidered only terms up to second-order in overlap 


* Note added in proof: In a recent private communica- 
tion K. DressLer has given the following experimental 
results for shifts of the 1469 A resonance line of the free 
Xe atom when it is placed in various solid matrices. In 
pure solid Xe : —0-09 eV; in solid Kr: +0°58 eV; in 
solid A: +0°82eV. The last two measurements re- 
present the systems most closely resembling that of the 
present calculation yet observed experimentally. The 
‘“‘agreement-in-spirit”” with present predictions is en- 
couraging. 
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and have entirely neglected the possibility of large 
contributions from the quartic and higher terms. 
Finally, in the computation of exchange and three- 
center energies we have been forced to terminate 


alpha-function expansions of the integrals after a 


small number of terms and use extrapolation 
methods to sum the series. 

Carrying out a computation to higher order in 
overlap, say, S*, would be a task of huge propor- 
tions. It is clear that just doing the lattice sums for 
the many, complex multi-center terms that would 
arise would require years of algebraic manipula- 
tion. The necessary numerical work would be in- 
creased by at least an order of magnitude. With all 
this, however, the use of Hartree-Fock functions 
would lead to results no more numerically precise 
or plausible than those of this work. 

At first it would seem that the use of a crude 
method for estimating the electrostatic forces 
which bind the crystal together is inconsistent with 
the use of an extension of KNox’s elaborate formal- 
ism for the localized excitation energy. However, 
the large numerical uncertainties incurred in the 
first-order calculation do, indeed, make the use of 
the simple van der Waals formalism as good as the 
remainder of the calculation. It seems clear that 
an approach outside of the simple Heitler—London 
approximation will be necessary to gain a deeper 
quantitative insight into processes involving the 
excitation of atoms to spatially extended states in 
even the most “tightly-bound”’ of solid-state 
systems. A fundamental limitation is placed on 
computations of the present type by the use of the 
best available (Hartree-Fock) atomic wave func- 
tions. It would seem that the course of future 
research must be directed to the development of 
more satisfactory zero-order wave functions to 
represent the excited-states of the system. General- 
izations of the method of linear combinations of 
atomic orbitals or the adaptation of the Bloch 
scheme may be of value in this pursuit. 
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Abstract—The thermoluminescent properties of anhydrite have been investigated by duplicating 
the features observed in natural samples with synthetic preparations. The inclusion of all impurities 
which are likely to serve as activators and which are commonly found in natural samples was studied 
by coprecipitating various concentrations of each impurity with high purity CaSO. It was found 
that Mn**, Zn**, Sb***, Pb**, and Cd** produce characteristic peaks in the glow curves. However, 
Pb** and Cd** do not have appreciable effects except at high concentrations and Sb*+*+ rarely occurs 
in natural anhydrite. Therefore, only Mn** and Zn** are of importance in interpreting the glow 
curves of most natural samples. 

The intensity of thermoluminescence as a function of activator concentration was determined for 
Mn*+* and Sb*+** but could not be measured over a suitable range for Zn**+ because it was impossible 
to coprecipitate sufficient amounts of this ion. The impurity concentrations were measured by 
colorimetric procedures. 

Three of the low temperature glow peaks observed in natural samples were shown to be associated 
with anion omissions. It was also demonstrated that all three of the peaks are due to trapping states 
which belong to a single center. 

The suppression of thermoluminescence by such impurities as Fe, Co, Ni, etc., was also investi- 
gated. The only case where quenching occurred was for Fe in the presence of Zn*+. This partly 
accounts for the relatively low emission intensities in natural samples but in general the low in- 


tensities are due to the effective exclusion of Mn**, Zn**, and Sb*** from the natural crystals. 


1. INTRODUCTION 
Tuis 1s the second in a series of investigations of 
thermoluminescence in the common rock minerals. 
A previous publication”) described the thermo- 
luminescent properties of calcite. The results of 
the calcite study demonstrated that most of the 
thermoluminescent characteristics in naturally 
occurring samples are due to trace amounts of a 
few impurities. Electronic levels of the impurity 
ions provide the trapping sites and luminescent 
centers necessary for thermoluminescence to occur 
and therefore serve as activators. The presence of 
other impurities results in quenching the lumin- 
escence due to the activator ions. The problem in 
explaining the thermoluminescent characteristics 
of naturally occurring samples is simply to deter- 
mine which ions can function as activators or 
quenchers when present in the crystal lattice. The 


technique used here consists of coprecipitating 
sach impurity of interest with an otherwise pure 
sample of anhydrite crystals. ‘The glow curves of 
these synthetic samples are then compared with 


the important features of the glow curves 
natural samples. 


2. EXPERIMENTAL APPARATUS 
The glow curve apparatus is illustrated in Fig. 
The unit is similar to one described previously. 
It is designed to heat a powdered sample from 77 
to 750°K at a linear rate which can be varied from 
()-1°K/min to 10°K/min (a heating rate of 0-5°K/ 
min was used for the present work). The linear 


(1) 


heating rate was maintained by a control system 
which increased the power input to the induction 
heater according to a predetermined program. 
The control system also provided a means of 
holding the temperature of the sample constant 
which allowed for the measurement of isothermal 
decay curves. 

The intensity of emission from the sample is 
measured by a 5819 photomultiplier tube and 
plotted as a function of the sample temperature by 
a two-pen Leeds and Northrup recorder, ‘The 
temperature is measured by an iron—constantan 
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thermocouple placed directly under the sample as 
shown in Fig. 1. Provision has been made for con- 
verting the photomultiplier signal into units of 
luminous intensity by arranging a calibrating 
source of known intensity?) with the same 
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Fic. 1. Glow curve apparatus. 


geometry and the same surface area as the sample 
(3-87 cm?) to provide the proper conversion factor. 

All of the samples studied here were activated 
by X-rays. For the glow curve experiments, the 
samples were activated for 5 min at liquid nitrogen 
temperature by a Mo tube operated at 15 mA and 
35 KVP. 

3. EXPERIMENTAL PROCEDURE 

In order to investigate the effects of a particular 
impurity on the thermoluminescent properties of 
anhydrite, it is necessary to add controlled amounts 
of the impurity to an otherwise pure sample. A 


SAMPLE HOLDER 


INDUCTION COILS 
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method often used in the preparation of phosphors 
consists of firing a mixture of the pure sample and 
the impurity at temperatures high enough to result 
in diffusion of the impurity into the lattice of the 
matrix material. This technique has been used by 
at least four investigators to prepare CaSO, phos- 
phors containing Mn®), Sm) and Pb") as acti- 
vators. 

For the present application where it is desirable 
to know the molar concentration of the added im- 
purity (in the crystal lattice), the firing technique 
has been found unsatisfactory. The results ob- 
tained for a large number of samples containing 
Mn or Pb as the activator were not reproducible 
in terms of luminescent efficiency as a function of 
activator concentration. These samples were pre- 
pared by mixing the impurities (as sulfates) with 
high purity gypsum (CaSOq4- 2H20O) and firing for 
two hours at 1050°C. The gypsum was obtained 
by precipitation from a solution of high purity 
CaCle®) and (NH4)2 CO3. It should be mentioned 
that the direct precipitation of anhydrite is not 
possible and the only method available for pre- 
paring synthetic samples is by the dehydration of 
gypsum which occurs at temperatures well below 
1050°C.@ 

The failure of this method to provide reproduci- 
ble results can evidently be attributed to two 
factors: (1) the small dimensions of the individual 
anhydrite crystals and (2) the inaccuracy in de- 
termining the activator ion concentrations. The 
first of these is inherent in the method of prepara- 
tion. It is to be expected that the removal of the 
water molecules from the gypsum lattice would 
prevent the formation of very large anhydrite 
crystals unless the process occurs quite slowly. 
The second factor is due to the formation of in- 
soluble oxides of the impurity ions at the high 
temperatures required for firing. Since these 
oxides cannot be separated from the anhydrite 
matrix they are included in the determination of 
the impurity concentration but do not contribute 
to the thermoluminescence. 

A method which eliminates the concentration 
problem is one in which the impurity ion is copre- 
cipitated with gypsum. The excess impurity is 
then removed by washing before the sample is 
fired. However, this does not eliminate the prob- 
lem of crystal size and it was found that the results 
of this method were still not reproducible. 
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A satisfactory procedure was devised by making 
use of the dehydrating properties of H2SO, at 
elevated temperatures. In this case, the impurity 
ion is coprecipitated with gypsum by adding con- 
centrated HoSO, to a dilute solution of CaCle and 
evaporating at 90-95°C until all of the water has 


been removed. The remaining slurry is then 
heated to 300-—350°C to remove the excess HoSQg. 
During the early part of this cycle all of the 
gypsum is converted to anhydrite and as the 
heating continues, relatively large crystallites of 
anhydrite (100-1000 microns) are formed. Excess 
impurity ions are removable by washing and the 
method was found to give reproducible results in 
all cases. 

Two criteria were used in selecting the impurity 
ions whose effects would be investigated. Only 
those ions which are commonly found as impurities 
in naturally occurring anhydrite and which are 
likely to serve as activators were considered. On 
this basis, the following impurities were investi- 

,Zntt, Sb3+, Pb++, Cd++, Fett, Fe+, 
, Cut, Agt, Bi3+, Al8+, T13+, V++, Cr+, 
Sn++, As?+ and As®+. Of these, Mn++, Zn, 
Sb?+, Pb*+* and Cd** were found to be activators 
and the remaining impurities had no observable 
effects. The rare earths were not considered here 


gated: Mn 
Cott, Nit 


because of their rare occurrence in natural samples 
and, with the exception of Cl- and NQOgz, the 
effects of anion impurities were not investigated 
either. 

It is clear that many of the impurity ions men- 
tioned above will not be readily included in the 
anhydrite lattice. Ions such as Pb** and Cd 
should be included in a simple substitutional 
manner without much difficulty because they have 
about the same ionic size and coordination ten- 
dencies as Ca** in the sulfate lattice. On the other 
hand, ions like Mn++ and Zn*++ which have the 
wrong coordination numbers (6 and 4 respectively 
as opposed to 8 for Ca*+) and Sb*+** and Bi 
which have the wrong charge are not likely to be 
included without distorting the lattice appreciably. 
Also, it is questionable whether such ions as Fe* 
and Ag+, which can be converted to the divalent 
states rather easily, will be included in the trivalent 
or monovalent state at all. This follows from the 
general tendency for the impurity ion to assume 
the valence of the lattice. In addition to this, the 
presence of hot, concentrated H2SQO, during the 
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last cycle of the sample preparation provides an 
oxidizing medium which also influences the valence 
of the impurity ion. 

The quenching effects of the well known 
poisons, Fe+*+, Fet*++, Co*+*, and Ni**+ were in- 
vestigated by coprecipitating various concentra- 
tions of each of them with constant amounts of 
the activator ions. The effects of the less versatile 
poisons, Cu**, Al**+*, and Be*+ were also in- 
vestigated. 

In order to obtain quantitative results for the 
efficiency of luminescence as a function of con- 
centration for the various activator and quencher 
ions it was necessary to develop procedures for 
measuring impurity concentrations as low as a few 
p.p.m. Colorimetric methods were found to be 
satisfactory for this purpose. Suitable procedures 
of Mnt+, Fett, Fet*+, 


have already been de- 


for the determination 
Co++, Nit+, and Pb+ 
veloped for calcite") and were readily adapted to 
the anhydrite samples. However, the determina- 
tions are less sensitive in anhydrite because of its 
lower solubility in aqueous solutions (the solu- 
bility in 7-10 per cent HCl is about 0-02 g/ml). 
For the determination of Sb*+**, the standard 
Rhodamine-B extraction method) was used. A 
procedure developed by Moss and MELLon’? 
was used for the determination of Cu**+ and pro- 
cedures reported by MeEpDLIN’®) were used for 
determining the Zn++ and Cd** concentrations. 
4. RESULTS 
The presence of Mn** in the anhydrite lattice 
produces a prominent glow peak at 390°K and a 
minor peak at 120°K. These are illustrated in 
Fig. 2 for a sample containing 380 p.p.m. Mn++ 
The small peak at 200°K is a non-impurity defect 
which will be discussed later. ‘The badly obscured 
peak at about 460°K is probably due to Mn++ but 
the presence of the more intense peak at 390°K 
prevents conclusive identification in this case. 
The sample illustrated in Fig. 2 was annealed 
at 800°C for 2 hr. At low concentrations, the heat- 
ing had no observable effect on the Mn++ glow 
peaks but at concentrations greater than optimum, 
the effect was to decrease the glow peak intensity. 
This is illustrated in Fig. 3 which shows the 
variation in glow peak intensity (plotted as a nor- 
malized relative efficiency) for the 390°K peak as 


a function of Mn*+ concentration. The points 
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corresponding to the annealed samples are dis- 
tinguished from those for unheated samples. An 
efficiency curve for the 120°K glow peak is not 
shown because the data in this case were erratic 
and did not fit a smooth curve except at low con- 
centrations. This indicated that while the peak is 
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Glow curve for a synthetic anhydrite sample containing 
as an added impurity. 


clearly due to Mn**, its intensity is influenced by 
other crystal properties (such as crystal dimensions, 
etc.) which could not be adequately controlled 
here. 

The theoretical curve drawn in Fig. 3 was com- 
puted from a relation derived by JOHNSON and 
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Fic. 3. Efficiency of luminescence as a function of impurity concentra- 


tion for the 390°K glow peak due to Mnt* 


showing the effects of 


annealing. 
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Fic. 4. Glow curve for a synthetic anhydrite sample containing 
Sb as an added impurity. 


concentration quenching, mole fraction of the activator ion and z and y are 


parameters whose values are chosen to give the 

C(l—C)? best fit to the experimental points. 
The inclusion of Sb*+*++ in the anhydrite lattice 
resulted in a prominent glow peak at 355°K and 
a minor peak at 200°K. The glow curve for a 


C+y(1—C) 
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Efficiency of luminescence as a function of impurity 
concentration for the 355°K glow peak due to Sb 
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sample containing 680 p.p.m. Sb+*++ is shown in 
Fig. 4. In this case the effect of annealing is pro- 
nounced. Both of the Sb+++ glow peaks are in- 
tensified by approximately an order of magnitude. 
Incidentally, it is the effect due to annealing which 
excludes the possibility that the 200°K peak 
results from the non-impurity defect mentioned 
above because the defect glow peak is unaffected 
by annealing. 
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particular foreign anion or such monovalent 
cations as Na*, K* or Agt. It was also observed 
that the presence of either Fet+, Fe+++ or Cu 
markedly decreased the concentration of Sb 

in the solid. 

The addition of Zn** to the anhydrite lattice 
results in four principal glow peaks at 180°K, 
200°K, 230°K and 330°K as illustrated in Fig. 7. 
The results of luminescent efficiency vs. activator 








RELATIVE EFFICIENCY 





! | 





! 





4. 4. 
9:0002 0:0004 


0-0006 


0:0010 


i 
0.0008 
MOLE FRACTION Sb*** 


Fic. 6. Efficiency of luminescence as a function of impurity 
concentration for the 200°K glow peak due to Sb 


The 390°K and 460°K glow peaks shown for 
the unheated sample in Fig. 4 are undoubtedly due 
to trace amounts of Mn**, and are almost com- 
pletely obscured in the annealed sample. Figs. 5 
and 6 show the efficiency of luminescence for the 
Sb?* glow peaks as a function of concentration. It 
was found that the Sb?+ ion was not readily in- 
cluded in the anhydrite lattice which is not sur- 
prising in view of the earlier discussion. 

No effort was made to account for the charge 
compensation necessary for the inclusion of Sb* 
in the anhydrite lattice. It was found that the 
mechanism appeared to be independent of any 


concentration are incomplete in this case because 
of the limited quantities of Zn*++ which could be 
included in the anhydrite lattice. This is pre- 
sumably due to the distortions produced by the 
zinc ion which is considerably smaller and has a 
different coordination number than the calcium 
ion in anhydrite. The greatest concentration ob- 
tained here was 770 p.p.m. in a sample prepared 
from a solution 80 per cent saturated in ZnCle. 
The effect of annealing is also pronounced for the 
Zn*+* activator, resulting in an increase of about 
three in the intensities of all glow peaks. It is 
evidently significant that the impurities whose 
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Fic. 7. Glow curve for a synthetic anhydrite sample containing Zn 
as an added impurity. 
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antimony salts in coprecipitating Zn** and Sb?" 


with anhydrite required that trace impurities in all 


anhydrite lattice, viz. Sb and Zn » he 








of the salts be accounted for. Only three such 
impurities, Fe, Pb, and As were present in con- 





centrations large enough to be considered and it 
was shown that none of them affected the thermo- 
luminescence of anhydrite. 

An interesting phenomenon has been observed 
for the zinc activator which apparently involves 
transitions between different zinc trapping levels. 
If a sample activated at liquid nitrogen tempera- 
ture (77°K) is heated to 280-300°K, all of the 
traps represented by the low temperature peaks at 
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180°K, 200°K, and 230°K are emptied but most of Jf Fi or _/— iS. 
the traps corresponding to the 330°K peak remain CLS FPA HS ff 
filled. If the sample is then cooled to 77°K and 


A 


again heated, it is found that the peaks at 180°K, Fig. 8. Proposed energy level scheme for zinc trapping 
200°K, and 230°K are still present (with reduced states. 
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intensities). However, when the sample is originally 
heated to 380°K to empty all of the traps associated 
with the 330°K peak, none of the glow peaks re- 
appear after cooling. 

An explanation of this behavior is illlustrated 
in Fig. 8. The electron traps corresponding to the 
330°K, 230°K, 200°K, and 180°K glow peaks are 
represented by 7}, T2, T3 and 74, respectively. It 
is clear that over a small range of temperatures 
below 180°K, electrons in 7 have enough thermal 
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between the shallow traps and the conduction 
band (assuming that the frequency factor, v is the 
same in all cases). Since T2, T3 and 74 are evidently 
closely spaced in this case (as indicated by the 
overlapping of their glow peaks), the 73 and 7, 
traps can be filled by thermal transitions from 79. 
If this is true, it is only required that “Z”’, in Fig. 
8 be slightly less than £2. 

The activator properties of Pb*+ 
significantly different from those of Mn++, Sbt**, 


and Cd++ are 
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Fic. 9. Glow curve for a synthetic anhydrite sample containing 
Pb** as an added impurity. 


energy to be transferred to Ts, 73 and 74, either 
by direct or cascade transitions. Some of these 
electrons are then raised to the conduction band 
but if this occurs at a slower rate than the transi- 
tions from 7}, an appreciable number of the traps 
at the Ts, 73 and 74 levels will remain filled. 

This interpretation was confirmed by initially 
cooling a sample to 160°K and maintaining this 
temperature for several minutes before cooling 
to 77°K. The glow curve obtained in this case 
exhibited peaks at 180°K, 200°K, and 230°K of 
considerably greater intensities. 

Clearly, this mechanism requires that the 
energy difference between the deep and shallow 
traps be slightly less than the energy difference 


and Zn** in that their effects are limited to rela- 
tively large concentrations. Neither impurity has 
an appreciable effect at the concentrations nor- 
mally found in natural samples. 

Figure 9 is the glow curve for an anhydrite 
sample containing 15 mole per cent Pb** which 
was found to be about the optimum concentration 
for all of the glow peaks. Two very sharp peaks 
occur at 95°K and 105°K and a much broader peak 
at 225°K. The partially obscured peak at about 
340°K is evidently due to trace amounts of Mn-— 

In Fig. 10, glow curves are shown for several 
concentrations of Cd+* ion. The results are 
complicated by the fact that there are a number 
of glow peaks whose relative intensities vary 
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Fic. 11. Quenching effect of Fe+*+ and Fe*+** in the presence of 
Zn** in anhydrite. 
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Fic. 12. Glow curve for a synthetic anhydrite sample containing less 
than 10 p.p.m. of any impurity. 


considerably at the lower concentrations. Also, 
there is a shift in temperature of some of the glow 
peaks with variations in the Cd** concentration. At 
least seven glow peaks due to Cd** can be identi- 
fied at the lowest concentration shown (3400 
p.p.m.). These occur at temperatures of 95°K, 
125°K, 150°K, 180°K, 200°K, 230°K, and 330°K. 
The peak at 390°K in Fig. 10 is apparently due to 
Mn**. At higher concentrations the glow curve 
is reduced to two peaks at 140°K and 260°K. 

The only quenching effects observed for any 
of the activators in anhydrite were those involving 
Fet+ and Fe+++ in the presence of Zn**. Fig. 11 
shows the results of Fe concentration for the 350°K 
glow peak. The results for the other Zn** glow 
peaks are similar to Fig. 11 except that the effect 
is not as pronounced and at Fe concentrations 
greater than about 500 p.p.m. the intensities of 
these peaks are greater than the 350°K peak. 

It was found that the oxidizing medium of hot, 
concentrated H2SO, used in preparing the samples 
made it impossible to add Fe** to the lattice with- 
out including appreciable quantities of Fe** 
Therefore, the results for the ferrous iron are some- 
what difficult to interpret. To illustrate the results 
as clearly as possible, three sets of points have 
been plotted in Fig. 11: (1) the ferric content in 
samples which contained no Fe**, (2) the ferrous 
content in samples which also contained Fe** and 


(3) the ferric content in samples which also con- 
tained Fe*+*. A smooth curve has been drawn 
through the points for case (1) and the result that 
the points for cases (2) and (3) are consistently 
on or below this curve is interpreted to mean that 
Fe*+*+ quenches the Zn** luminescence at least as 
effectively as Fe*. More detailed conclusions are 
not justified in view of the fact that the most 
significant data involve iron concentrations less 
than 50 p.p.m. where the precision of the colori- 
metric determinations becomes poor (+25 per 
cent). In addition, it was found, as mentioned 
earlier, that the concentration of Zn*+ ion in 
samples containing Fe did not remain constant 
for different Fe concentrations. In order to 
account for this effect it was assumed that the 
luminescent efficiency is a linear function of zinc 
concentration in the range involved here (130- 
460 p.p.m.). This is in agreement with the 
measurements obtained earlier for zinc concen- 
trations up to 770 p.p.m. 

The glow curve for a synthetic sample contain- 
ing less than 10 p.p.m. of any impurity is shown 
in Fig. 12. At least six glow peaks can be dis- 
tinguished at 160°K, 200°K, 350°K, 390°K, 
460° K, and 580°K. The peaks at 390°K and 460°K 
coincide with the glow peaks due to Mnt+ (cf. 
Fig. 2) and the sample shown here contains 


enough Mn*t* (5 p.p.m.) to account for the 
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observed intensities. There is also evidence of the 
other Mn++ peak at 120°K and the results for 
Mn** activation show a smooth enhancement of 
these peaks as the concentration is increased. 
The glow peaks at 200°K and 350°K coincide 
with peaks due to Sb and Zn** (cf. Figs. 4 and 
7). However, since neither of these peaks is 
affected by the addition of Fe*+* or by annealing 
and since a smooth increase in intensity with 
or Sb 


increasing Zn + content is not observed, 
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of the 180°K glow peak was not appreciably 
affected. 

As in the case of the Zn*+ activator, it was 
found that localized transitions occurred between 
the traps corresponding to the 160°K, 200°K, and 
350°K glow peaks. Therefore all three of these 
trapping levels are identified with the same center. 

The decomposition of anhydrite to CaO at 
temperatures above 1200°C provides a means of 
determining the effect of replacing a SO, ion in the 
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both of these impurities are eliminated as possible 
causes. It that the reasonable 
explanation of these peaks and of those at 160°K 
and 580°K are non-impurity defects such as 
missing ions, dislocations, etc. It is quite possible 
that some or all of these defects may be introduced 
during the X-ray bombardment but it was im- 


appears most 


possible to verify this since ordinary ultraviolet 
radiation is not energetic enough to activate the 
samples. 

The addition of Sn4 
cies in the anhydrite lattice produced no significant 


to introduce cation vacan- 


changes in the glow curve. But the addition of 
P2O;*- ions resulted in increased intensities in the 
200°K and 350°K glow peaks indicating that they 
are associated with anion vacancies. The intensity 


anhydrite lattice by an 0= ion. Samples were 
heated for periods long enough to provide con- 
centrations as high as 5000 p.p.m. of this defect 
(as determined with a thermal gravimetric balance) 
without observing any important changes in the 
glow curve. 

The “freezing in’’ of lattice distortions produced 
at high temperatures was also investigated. Several 
samples were heated to 1100°C and suddenly 
cooled by immersion in water but there were no 
observed changes in the glow curve. 

The glow curves for some representative samples 
of natural anhydrite are illustrated in Fig. 13. 
These were selected from some twenty-five 
samples including outcrop specimens and samples 
taken from well cores of various depths. X-ray 
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powder patterns were obtained for all of the 
samples to insure against the presence of other 
mineral impurities. 

All of the important features of the glow curves 


in Fig. 13 can be explained by the presence of 


zinc, manganese, and iron and by the lattice 


13(b) 


defects discussed above. The effects of annealing 
(2 hr at 800°C) are also illustrated. Curve (a) is 
perhaps the most typical result. Glow peaks can 
be distinguished in the unheated sample at 160°K, 
180°K, 200°K, 240°K, 330°K, 390°K, and 520°K. 
The peak at 160°K which disappears in the annealed 
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Fic. 13(d). Glow curves for samples of natural anhydrite. 


curve is evidently due to the anion omission defect 
discussed above. The four peaks at 180°K, 200°K, 
240°K, and 330°K are due to Zn**. The shifting 
of the 330°K peak to 350°K in the annealed curve 
removes any ambiguity in associating this peak 
with an anion omission level. The greater intensi- 
ties of the 180°K and 200°K peaks (compared with 
the 330-350 K peak) are interpreted as being due 
to the presence of iron which selectively quenches 
the high-temperature Zn**+ peak more effectively 
than the others. The glow peak at 390°K is clearly 
due to manganese, whereas the peak at 520°K, 
which shifts to 550°K in the annealed sample, has 
not been identified but is apparently due to a non- 
impurity defect. 

The the Zn 


annealing is more clearly illustrated in (b) of Fig. 


enhancement of peaks with 
13. In (c) the glow curve does not exhibit the peak 
at 160°K due to cation vacancies, even in the un- 
heated sample. Without exception it was found 
that this peak, which existed in about two-thirds 
of the natural samples before annealing, was re- 
moved by heating at 800°C for two hours. 

A sample containing more Mn** than usual is 
illustrated in (d) of Fig. 13. In this case the Zn 
peaks are insignificant and the effect of annealing 
is negligible. The low temperature peak due to 
Mn 


at 120°K is also apparent. 


The most significant feature of all the glow 
curves in Fig. 13 is their relatively low level of 
light compared with the synthetic 
samples. For example, the intensity of the 390°K 
peak in synthetic samples containing the optimum 


emission 


manganese concentration is greater by two orders 
of magnitude than the corresponding peak in (d) 
of Fig. 13. The peak intensity in this natural 
sample corresponds to a Mn** concentration of 
about the same level as the pure synthetic samples 
(cf. Fig. 12) and the manganese content must be 
considerably lower in the other natural samples 
in Fig. 13. Unfortunately, this could not be 
verified by analytical determinations since the 
concentration levels involved here are just at or 
below the limit of detectability by colorimetric 
or spectrographic methods. It was possible to 
show by spectrographic analysis that none of the 
natural samples contained more manganese than 
the pure synthetic samples (about 5 p.p.m.). 

It can be shown"?) that during the early part of 
the glow peak due to a particular trapping level, 
the increase in intensity is approximately pro- 
portional to v exp (— E/kT) where E is the activa- 
tion energy associated with the trap, k is Boltz- 
mann’s constant, 7' is the temperature and v is the 


frequency factor for emptying the trap. This 


provides what is probably the best means of 
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Tabie 1. Activation energies and frequency factors in anhydrite 


Defect T; in °K 


E in eV v in sec™! 





390 
520 
190 
350 
200 
360 
180 
220 


ion 
ion 
ion 


Mn** 
Mn** 
Zntt 
Zn** ion 
Sbt+* ion 
Sb*** ion 
anion omission 
anion omission 


determining EF. However, itis required that the glow 
peak be fairly isolated, at least on the low tempera- 
ture side, to avoid interference from neighboring 
glow peaks. Most of the lower temperature inter- 
ference can be removed by annealing at a tempera- 
ture near the glow peak but in anhydrite, this 


method was found to be ineffective for some of 


the peaks due to Zn** and vacancy defects be- 
cause of the inter-trap transitions discussed 
earlier. 

Once FE has been determined it is possible to 
compute a value for the frequency factor, v from 
the relation, 2) 

a E 


y= ere? 


kT, 

where 7, is the temperature of the glow peak and 
B is the heating rate. Values of E and v for some 
of the glow peaks due to Mn**, Zn**, Sb+** and 


| 

| 

| 

| 1012 
109 
1012 
1012 
} 1011 
1012 
| 1011 
1012 
| 


omission defects in anhydrite are listed in Table 1. 
In general, the values of vy are somewhat higher 
than those reported for trapping levels in other 
crystals") which range from 10® to 101° sec.-! 

The isothermal decay of emission associated 
with each of the glow peaks in anhydrite has been 
studied here. In all cases the decay obeys the 
relation, 


which is the form predicted for a second order 
process"!4) involving transitions through the con- 
duction band. This means that the values of E in 
Table 1 represent the energy difference between 
the trapping levels and the conduction band which 
is in agreement with the conductivity experiments 
of Lepper" 5) for the CaSO4:Mn system. The be- 
havior of the parameters 6 and n with variations 


Table 2. Isothermal decay parameters in anhydrite 


Impurity 


680 p.p.m. |! 
680 p.p.m. | 
680 p.p.m. |! 
680 p.p.m. | 
680 p.p.m. | 
680 p.p.m. |! 
680 p.p.m. 

680 p.p.m. | 
680 p.p.m. ! 
680 p.p.m. | 
680 p.p.m. 

680 p.p.m. 


Activation time 
in sec K 


‘Temperature 





45 
300 
45 


305 


45 


300 


45 


300 


45 
300 
45 


300 
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in temperature and activation time have been in- 
vestigated for the 390°K Mn** peak and the results 
are given in Table 2. It is significant that the 
values of 5 increase with activation time since the 
second order decay model predicts that b should 
the of filled traps is in- 


decrease as fraction 


creased, 16 

The spectral distributions of 
luminescence have not been measured for any of 
the samples prepared here. However, the principal 
glow peaks for Mn**, Sb* and Zn*+* are in- 
tense enough at the optimum concentrations to be 
observed visually. It was found by this method 
that the emission from the 390°K Mn++ peak was 
in the green region (5000 A) whereas all of the 
and Sb* 


the thermo- 


principal peaks for Zn were in the 


blue region (4500 A) 


5. CONCLUSIONS 
Thermoluminescence in anhydrite results from 
the presence of any one of five impurity ions: 
Mn**, Zn*+, Sb***, Pb**+ and Cd**. Of these, 
only Mn**, Zn*++ and Sb*+**+ result in appreciable 
luminescent emission at very low impurity con- 


centrations and only Mn** and Zn** appear to be 


important in interpreting the glow curves of most 
natural samples. The presence of an omission 
defect which is associated with an anion vacancy 
features 


accounts for other thermoluminescent 
which are often observed in natural samples. 
Annealing the natural samples at 800°C removes 
these features and has considerable effect on the 

Similar effects are ob- 
and Sb* glow peaks in 


glow curve due to Zn 
served for the Zn 
synthetic samples. 

A significant feature of the traps associated with 
the zinc and omission defect levels is the thermal 
transfer of electrons from deeper to shallower 
traps at temperatures where the transition rate 
from the deep traps to the conduction band is 
allow the 


negligible. These transfer 


deeper traps to be emptied at appreciable rates 


processes 
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at temperatures well below the corresponding 
glow peak. 

The emission intensities in natural anhydrite 
are much lower than those found in the carbonate 
minerals such as calcite and dolomite. This is 
partly due to the presence of Fe which suppresses 
the thermoluminescence due to Zn*++ but mostly 
it reflects the low concentrations of Mn++, Zn*+, 
and Sb*+ in natural samples. These impurities 
are effectively excluded from the anhydrite lattice 
because of differences in ionic radii, coordination 
tendencies, and valence. 
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Abstract 


-It is shown that for isotropic and for cubic materials there are three factors contributing 


to the temperature dependence of a dielectric constant: a direct volume expansion effect and the 
influences of volume expansion and of temperature on polarizability. A simple method is given to 
determine the values of the separate contributions from measurements. For some alkali halides 
and BaTiOs the magnitudes of the three effects are calculated and discussed. 


IN THIS paper we shall show, for isotropic and for 
cubic materials, that the temperature dependence 
of a dielectric constant is due to three effects which 
can be distinguished by experiments. ‘The starting 
point is the macroscopic Clausius—Mosotti equa- 
tion, which is exact for any isotropic dielectric”: 


4am 


: (1) 
3} 

Here « is the dielectric constant and «, is the 
polarizability of a macroscopic small sphere with 
a volume V, which sphere is large in comparison 
with the lattice dimensions. This polarizability 
%m is proportional to the number of unit cells in 
the sphere, but it may further be a complicated 
function of the polarizability of the ions, the force 
constants and the geometry of the lattice of the 
dielectric. 

Differentiation of equation (1) with respect to 
temperature gives: 


Ce 1 OV 
—y, a eg 


Dp 


1 / dm eV 1 /0« 
=a Ar or), ® 


1 
ae 


oa 


1 de 
oot 7, 


Hence we can distinguish three factors con- 
tributing to the temperature dependence of a 
dielectric constant: 

A: The decrease in the number of polarizable 
particles per unit volume as the temperature 
increases, a direct result of volume expansion. 

: The increase in the polarizability of a con- 
stant number of polarizable particles with 
the increase in the available volume as the 
temperature increases. 

The dependence of polarizability on tem- 
perature, the volume remaining constant. 


Especially the temperature dependence of the 
dielectric constant of cubic Ba’TiO3, which can 
be expressed in the form of a Curie-Weiss law, 
has attracted much attention. JONKER and VAN 
SANTEN®) for example have pointed out the 
importance of the direct volume effect (factor A), 
which in this case appeared already to be sufficient 
to describe the whole phenomena. On the other 
hand DevonsHIRE®), SLATER™) and ‘TRIEBWASSER®? 
proposed and worked out a model to explain the 
dependence of polarizability on temperature, the 
volume remaining constant (factor C). Further- 
more DEVONSHIRE") derived an expression for the 
combined influence of the factors A and B, which 
expression involves elastic and electrostrictive 
constants, together with the coefficient of ex- 
pansion. This expression was also used by 
‘TRIEBWASSER®), 
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Table 1. 


The three effects contributing to the temperature dependence of a dielectric constant. In 


parentheses values calculated with the use of the correction term in equation (25) of the paper of 
TRIEBWASSER™); they are good in agreement with the values calculated with equation (3a) 


10° c 
Compound . — —|- 
(e—1)(e+2) \ @ 


Lik 9-29 
KC] 4-69 
NaCl 5°63 
3aT 102 1000 


(c ubic ) 


There is, however, a more direct and simple 
method to arrive at an experimental discrimination 
between the three effects, as we shall show below. 
In view of the existence of an equation of state 
of the form f(p,V,T) = 0 for isotropic and cubic 
materials, we have for the dependence of the di- 
electric constant on compression the relation 


(de/Cp)r = (€/0V)r(0V/0p)r 


So the differentiation of equation (1) with respect 


to pressure gives: 


1 Ce 
(e—1)(e+2) | op ), 


oe 1 bee: 


2 ny 
ILm 


Hence, to calculate the magnitudes of the three 
effects A, B and C separately, it will suffice to 
determine 
€, (G€/0T)p, (C€/0p) 7, (1/V)(EV/0T)y 
and 
(1/V (eV /ep)r 

by experiment. 

For some compounds the necessary data are 
available:7,8,9); the results of calculations based 
thereon are given in Table 1. 


For the listed compounds the three factors are 
of the same order of magnitude. It will be seen 
that in all cases the volume-dependence of polariz- 
ability overcompensates the direct volume-ex- 
pansion effect. ‘The only respect in which BaTiOg3 
differs greatly from the alkali halides is that the 
sign of the term 


& = (1 3%m)(¢ Xm C T)y 


is reversed. Now it has been shown by VAN 
Vieck"9 that this term C should be equal to 
zero if only linear restoring forces were limiting 
the value of the polarization. Both in the alkali 
halides and in BaTiOs, then, the potential energy 
of a unit cell at a constant volume cannot be ex- 
pressed in terms of the squares of the displace- 
ments of the charges (of electrons and of nuclei) 
only; but further terms in the power series ex- 
pansion of this even function must be added. 
However, in contrast to the situation for the 
alkali halides, the sign of the extra terms for 
BaTiOgs is such that the restoring force constants 
are larger at displaced positions than at the 
potential minimum. The motion of an ion in such 
a potential field in fact is the basis of the theory 
of DEVONSHIRE®) and SLATER"), 

It would be worthwhile to extend the measure- 
ments of the quantities needed for this analysis 
to a large number of compounds with a broad 
range of dielectric constant values in order to 
verify whether the behaviour of BaTiOg is normal 
for materials with a high dielectric constant or 
whether it is a special property of ferroelectrics 
and anti-ferroelectrics only. The fact that a large 
negative temperature coefficient has been found for 








THE TEMPERATURE DEPENDENCE OF DIELECTRIC CONSTANTS 25 


a number of other materials with a high dielectric . Jonker G. H. and VaN Santen J. H., Science 109 
constant!) is an indication that it is perhaps 632 (1949). i = 
3. DEVONSHIRE A. F., Phil. Mag. (7) 40, 1040 (1949). 
. SLATER J. C., Phys. Rev. 78, 748 (1950). 
5. TRIEBWASSER S., J. Phys. Chem. Solids 3, 53 (1957). 
forces. . LANDOLT-—BORNSTEIN, Phys. Chem. Tabellen, (5 
Auflage). Julius Springer, Berlin (1293). 
. Maysurc S., Phys. Rev. 79, 375 (1950). 
REFERENCES 3. Merz W. J., Phys. Rev. 78, 52 (1950). 
. KAnzic W., Solid State Physics 4, 1 (1957). 
1. Frética H., Theory of Dielectrics, (2nd. Ed). . VAN ViEcK J. H., J. Chem. Phys. 5, 556 (1937). 
Clarendon Press, Oxford (1958). . JONKER G. H., De Ingenieur 65, E.154 (1953). 


a normal property of high—e materials to have 
higher order terms which increase the restoring 





LETTERS TO THE EDITOR 


Concerning the Fermi surface topology of 
metals and open orbits from magneto- 
resistance and Hall effect data 


(Received 29 June 1960) 


ALEKSEEVsKII and Garpukov (A & G) have recently 
reported”) a Fermi surface topology for copper 
that has “‘arms’’ (extensions of the Fermi surface 
that touch the Brillouin zone boundary) in the 

100 110 and <111)> directions, and is thus 
in disagreement with the topology of PipparD®? 
which has “arms” in only the <111) directions. 
The A & G model was determined from their 
magnetoresistance data the theory of 
LiFsHITZ and PEescHANSKII (L & P), 
also derived the same model for copper.) Inter- 


using 


who have 


pretation of similar data, obtained from an ex- 


5) has led us to a topo- 


tensive study by ourselves, 


logical model possessing “arms” in only the 
111» directions. This 


stantiated by newly observed “fine structure’’ in 


model is further sub- 


confirmed by 


Hall 


the magnetoresistance, and is 
the detailed anisotropic behavior of the 
constant. 

The purpose of this letter is to point out that 
(i) while the topology of the Fermi surface deter- 
mines the magnetoresistance behavior, magneto- 
resistance data alone does not generally define a 
unique Fermi surface topology, and that (ii) the 
model for copper with only <111)> “arms’’, has 
been derived using an important concept: under 
certain conditions (such as exist in copper), open 
orbits occur along major crystalline directions 
“arms’’, i.e. not along the 
* This relationship be- 


of the Fermi 


other than those of the 
“undulating cylinders’. 
tween the directions of the “‘arms’’ 
surface and the possible directions of open orbits is 
clearly a feature that applies to metals in general. It 
seems likely that a reinterpretation of magneto- 
resistance data for gold) making use of this idea 


* Although other configurations such as ‘“‘corrugated 
can support open orbits, only Fermi surfaces 
“undulating cylinders’’ are 


planes’’ 
generated by intersecting 
discussed in this Letter. This simple representation is 
adequate for copper and probably for many other 
metals. 
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of “higher order’ open orbits will lead to a 
simpler topology, possibly that of copper. 
According to the theory, a magnetoresistance 
anisotropy which has an H? dependence on mag- 
netic field is generally indicative of an open Fermi 
surface, one which touches the Brillouin zone 
boundary. For each field direction giving a high 
magnetoresistance, there exists a band of open 
orbits whose direction is perpendicular to the field. 
A band of such open orbits, all having the same 
net direction, leads to a magnetoresistance “ridge”’ 
(magnetoresistance vs. magnetic field direction) 
that follows a great circle on the unit sphere per- 
pendicular to the direction of the open orbits. ‘The 
“ridge” is absent near those field directions for 
which the number of open orbits becomes vanish- 
ingly small, such as certain symmetry directions. 
The essential consideration in deriving a Fermi 
surface topology from a set of open orbit directions 
is that each of the appropriate topological shapes 
must support a band of open orbits on its surface 
in each of the pertinent directions, and only in 
those directions. In general, this “boundary con- 
dition” does not define a unique topology. The 
most obvious topology is one in which there are 
“arms” along the direction of each “principal”’ 
band (i.e. a band which exists for nearly all mag- 
netic field directions perpendicular to it) of open 
orbits as was proposed by A & G") and by 
L & P“). However, when the shape of the Fermi 
surface is appropriate, it can support orbits in 
directions other than those of the “arms’’. In 
copper, for example, we find that the 111 
‘“‘arms”’ can support the necessary bands of orbits 
in the <100 110» directions. In fact, there 
are also other directions, namely the <113) and 
133 directions, for which the surface supports 
much smaller bands of orbits and gives rise to a 


and 


+ Since this report was completed, an article by 
PrigstLey [Phil. Mag. 5, 111 (1960)] has appeared in 
A & G). He 
magneto- 


which he reanalyzed the gold data of 
concluded that the gross features of the 
resistance of gold follow from a Fermi surface topology 
similar to that of copper. PRIESTLEY’s approach involves 
the determination of the orientations of the magnetic 
field for which holes exist, and in so doing has made 
implicit use of the existence of secondary open orbits. 
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PRIMARY 
SECONDARY OPEN ORBITS(NET DIR 


Fic. 1. Illustration showing how the existence of secondary open orbits is dependent on the shape of the Fermi surface. 
The schematic representation of a portion of a simple hypothetical Fermi surface model is shown in (a). The 
model is composed of spheres, of radius A, connected by cylinders, of radius D, to form a simple cubic network 
of unit length B. Relative values of A and D are varied for each of (b), (c) and (d) for; which the plane of the 
cross-section is that indicated in (a). Primary open orbits are possible for a net [001] direction, perpendicular to 
the plane of the paper, and thus, perpendicular to the magnetic field. A projection of these primary open orbits 
onto the plane of the cross-section is shown by the cross-hatched regions of each subfigure. Secondary open orbits 
lie in the plane of the cross-section and are perpendicular to the magnetic field; they exist in (c), but not in (b) or (d). 
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series of small magnetoresistance “‘ridges’’ that 
have actually been observed. Further accounting 
for these small magnetoresistance “‘ridges”’ suggests 
the possible existence of even smaller bands of 


open orbits along <012>, <112> and <122 
directions. 

Since “arms” in only one of the <111) direc- 
tions are needed to support a <111 >-directed open 
orbit, these orbits are called primary open orbits; 
100 >- and <110 >-directed open orbits 
require two differently 111 
“arms”’ alternately repeated, and these orbits are 
secondary open Similarly, the 
133 >-directed open orbits involve 


each of the 
just directed 
called orbits. 

113 >- and 
three <111> “arms” and are thus ternary open 
orbits, and the open orbits along <012 Liz: 
and <112> directions become quaternary open 
orbits. 

The fact that secondary open orbits occur in the 
general case and that their existence depends on 
the shape of the Fermi surface is illustrated for a 
simple hypothetical model shown in Fig. 1. When 
the magnetic field is chosen along a [110] direc- 
tion, for example, Figs. 1(b), 1(c) and 1(d) show a 
primary band of open orbits that is present which 
extends to infinity in the [001] direction, per- 
pendicular to the plane of the paper. However, only 
in Fig. 1(c) is the shape of the Fermi surface such 
as to permit an additional band of orbits 
secondary open orbits—which off in the 
[110] direction. In the example of Fig. 1(b) the 
spheres are too small to support similar [110]- 
directed open orbits, while in the example of Fig. 
1(d) the cylinders are too large. When H is along 
the [110] axis, a geometrical study shows that a 
band of secondary open orbits is present which 
leads off in the [110] direction when the following 
inequalities hold: 


lead 


(8)!/2D < B < (8)!2A4 


B < 2D+2(A2—D®)12, 


Since in most cases it is difficult by means of 
magnetoresistance data alone to distinguish among 
a number of possible Fermi surface topologies, an 
independent means to obtain additional informa- 
tion is required, such as can be obtained from the 
Hall constant. We have measured the Hall constant 


TO THE 


EDITOR 


for a number of orientations in copper and find that 
these data strongly support the Pippard topology. 
Further details concerning our experimental work 
and its interpretation in terms of the ideas pro- 
posed here will be published at a later date. 


Bell Telephone Laboratories 
Murray Hill 
New Jersey 


J. R. KLAUDER 
J. E. KUNZLER 
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The existence of Kramers-Kronig relations for 
the magneto-conductivity tensor 


(Received 14 December 1959; revised 8 August 1960) 


McC ture": 2) has derived Kramers-Kronig re- 
lations between the ozz and oz, components of 
the conductivity tensor using the assumption that 
the relaxation time is a function of energy and k, 
and not of position on the orbit. The orbits are 
restricted to circular orbits only and the magnetic 
field is in the z direction where the z direction is 
an axis of symmetry of the energy surfaces. 
McC ure then proceeds to show that such dis- 
persion relations provide a powerful means of 
obtaining information concerning the number of 
carriers, their mobilities, etc., from experimental 
data. It is therefore of great interest to discover 
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whether the dispersion relations for cz, and czy 
can hold for a more general relaxation time and 
more general orbits. 

The Kramers-Kronig relations relate the real 
and imaginary parts of a complex function if the 
function is analytic in the upper half plane. By 
using the periodicity of the relaxation time on the 
orbit we discovered that the function o = oyz 
+iczy, is no longer analytic in the upper half 
plane when the relaxation time is not constant on 
the orbit. We therefore can conclude that the 
constancy of the relaxation time on the orbit is not 
merely a sufficient condition for the existence of 
Kramers-Kronig relations but is also a necessary 
one. 

We have been unable to find dispersion relations 
for arbitrarily shaped orbits. However, McCLure’s 
derivation of the Kramers-Kronig relations for the 
components of the magneto-conductivity tensor 
with constant relaxation time on the orbit can be 
extended from the case of circular orbits to the 
case of elliptical orbits. The method is to trans- 
form an ellipsoid into a sphere. The transformation 
can be done for the magnetic field oriented at 
arbitrary angles to the principal axes of the ellip- 
soid. Dispersion relations can be obtained for 
various combinations of components of the con- 
ductivity tensor, the effective masses, and the 
angles at which the magnetic field is oriented to 
the principal axes by solving a series of linear 
equations. For the case where the magnetic field 
is along a principal axis, the expressions simplify 
and we have the following dispersion relations 
p [ 0 dH’ 
7 J —«. H—H' 
p (~ dH’ 

~. H—H’ 


Oxz (H) = Cry H’) 


= 1/2 


My 


(2*) 


My 


1/2 
ory (H) = - Orzx(H’) 
TY 

We therefore conclude that relations similar to 
those derived by McCvuvre for circular orbits can 
be derived for elliptical orbits. However, the 
simple form of the Kramers-Kronig relations that 
held for circular orbits no longer hold even for the 
simple extention to elliptical orbits. For the case 
of a single ellipsoid, we can determine the ratio of 
the effective masses in the two directions per- 
pendicular to the magnetic field, when the mag- 
netic field is in the direction of a principal axis, 
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by finding what factor must multiply oz, for the 
dispersion relations to hold. For the more com- 
plicated case of several ellipsoids, the more 
general relations can be used to separate the con- 
tributions from each type of carrier if the effective 
masses and the orientation of the field to the 
principal axes is known. 
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The electrolysis of thorium oxide crystals 
(Received 1 May 1958; revised 29 July 1960) 


AN EXPONENTIAL rate law for the electrolytic 
liberation of oxygen from thorium oxide has been 
observed. It is of interest that the empirical value 
of the exponent is always of the order of eV/RT, 
where e and k take their usual meaning as universal 
constants, 7’ is the temperature of the oxide 
crystal, and V the applied voltage. 

Measurements of the electrolytic evolution of 
oxygen from a thorium oxide crystal were made 
at this laboratory some time ago. A recent re- 
examination of the data shows that the voltage 
dependence of the rate of oxygen liberation r 


may be expressed as 
r = A exp(zeV/kT) 


where z is a number between 1 and 2 (z being 
constant for a given specimen at a given point in 
its history). 

Experimental details have been presented else- 
where.) Briefly, a thorium oxide crystal with 
evaporated platinum electrodes was heated im 
furnace. When current 

through the crystal, 


vacuo in a resistance 


(0-300 pA) was passed 
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oxygen was liberated: a portion of the liberated 
oxygen could escape through a slit in the furnace 
heat shield. Some of this oxygen could collect 
on a tungsten filament, and be detected by the 


poisoning of the thermionic emission therefrom. 


A calculated calibration was made based on what 
is known of the thermionic behaviour of oxygen- 
contaminated tungsten,2) and on the geometry 
of the experiment. This calibration is believed 
to be valid within a factor of two. Application of 


Fic. 1. Rate of electrolytic liberation of oxygen from a 
thorium oxide crystal as a function of applied voltage. 


the calibration suggested that one oxygen atom is 
liberated for every two electrons measured in the 
external circuit. Proportionality between current 
and evolution rate is good except at very low cur- 
rents. Previous work") also leads one to suppose 
that the conduction is virtually 100 per cent ionic. 

Values ot oxygen evolution rate for one experi- 
mental run are given in Fig. 1. The exponential 
increase with voltage is seen. The slope for the 
run shown is 6:9 V-1; the calculated value of 
e/kT for the temperature of 1673°K is also 6-9 V-1. 

During the history of a specimen, there was a 
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tendency for the data to shift to the right (i.e. 
more voltage required for a given rate) and for the 
slope of the line to increase somewhat. The 
exponential character however, was maintained 
over a wide variety of conditions, and the slope 
in all cases lay in the range between e/kT and 
2e/kT. 

The problem of the carrier concentration as a 
function of position in an ionic conductor with 
blocked electrodes and applied voltage has been 
treated by Jarre“) and others®: 6, By applying 
the Einstein diffusion equation to one of JAFFE’s 
results, and also invoking symmetry conditions 
developed by JAFFE, the not unexpected relation- 
ship is obtained: 


No = No exp(qV /2RT) 


where V is the applied voltage. No is the carrier 
concentration the thermal 
equilibrium with no applied potential; Np is the 
carrier concentration at the electrode; g is the 
charge of the carrier which may be e, 2e, or 


when material is in 


possibly higher. 

To bridge the gap between JAFFE’s treatment 
and experimental results, one must consider (a) 
the effect of unblocking the electrodes, (b) the 
nature of the rate-limiting process, (c) the charge 
of the carrier. The formal similarity between the 
theoretical expression for blocked electrodes and 
the empirical expression leads to the hope that an 
understanding of this solid ionic conductor may be 
possible in terms of JAFFE’s model. 
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Uber den Einfluss von Temperatur und 
ausserer Umgebung auf den Photo-Magneto- 
Elektrischen (PEM-) Effekt bei CdS. 


(Received 25 July 1960) 


Ber KURzLicH durchgefiihrten Untersuchungen 
iiber den PEM-Effekt bei CdS-Einkristallen 
zeigte es sich, dass das den Kristall umgebende 
Medium den beobachteten PEM-Strom stark 
beeinflusst. Wir beobachteten, wenn sich 
Kristall im Hochvakuum befand, bisweilen PEM- 
Strome, die um den Faktor 100 die an Luft 
gefundenen Werte iibertrafen. Wir nehmen an, 
dass bei den Messungen in Luft die Oberflaichen- 
rekombinationsgeschwindigkeit fiir die Locher 
gut durch adsorbierte Schichten stark erhéht 
wird ; sie lisst sich in diesem Fall wie folgt 
abschatzen : eee ~ 3x10 cm/s. Aus den im 
Hochvakuum gefundenen Ergebnissen lasst sich 
vermuten, dass hier die Oberflachenrekombina- 


der 


tion nur geringen Einfluss hat, so dass man anneh- 
men muss, ” ig < 2500 cm/s. Um gut reproduzier- 
bare Ergebnisse zu erhalten, muss man die 
Untersuchungen im Hochvakuum durchfiihren. 

Die beobachteten PEM-Stréme waren bei 
annahernd spektralreinen CdS-Kristallen 
gréssten und fiihrten bei Zimmertemperatur auf 
Lécherdiffusionslangen Ly bis zu 3 x 10-4cm 
(unter der Annahme patpp © 100 cm?/Vs). In 
starker verunreinigten Kristallen unbekannten 
Reinheitsgrades wurden L,-Werte bis hinab zu 
1,5 x 10-6 cm beobachtet. In diesem Fall (Ly 
«x = Absorptionskoeffizient fiir das verwendete 
Licht) muss man bei der Berechnung von Ly, 
beachten, dass an die Stelle von Ly in der iiblichen 
Formel fiir den PEM-Strom das Produkt KL 
tritt. 

Bei fast allen Kristallen beobachtet man nach 
tieferen ‘Temperaturen hin eine Abnahme des 
PEM-Stromes (Bild 1, Kurve 1). Diese lasst sich 
mit einer Abnahme der Lécherlebensdauer 7, 
nach tiefen Temperaturen hin in Zusammenhang 
bringen.“) Eine genaue Analyse zeigt, 
hierfiir eine in etwa 0,1 bis 0,2 eV Abstand vom 
oberen Rand des Valenzbandes _ befindliche 
Termgruppe die Ursache sein muss. 

Bei einer Reihe von Kristallen verringerte 
sich durch eine thermische Behandlung 
120 bis 170°C der PEM-Strom in offenbar 


am. 


1/k, 


dass 


bel 
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irreversibler Weise (Bild 1, Kurve 2). Diese 
irreversiblen Verdnderungen der Kristalle in 
Bezug auf den PEM-Effekt, die wahrscheinlich 
auf ziemlich komplexen Vorgingen beruhen, 
fiihrten bei einigen Kristallen sogar zu einer 
Umkehr Vorzeichens PEM-Stromes, 
was zundchst ausserordentlich da 
diese Erscheinung ja bedeutet, dass ein Diffusions- 
Elektronen oder Léchern aus dem 
nach Dass 


des des 


iiberraschte, 
strom von 
Kristallinnern 
Erscheinung auf eine starke, 
Oberflichenrekombination zuriickzufiihren 


fliesst. diese 
unsymmetrische 


ist, 


aussen 


P—ee—0-0-0—0.4 
oe ee-@ * 


a ee oO 

50 200 

°K 
Temperaturabhangigkeit des PEM-Stromes. 
1: Kristall unvorbehandelt ; Kurve 2: Kristall 
Torr) 


Ass. 1. 

Kurve 

etwa 20 min bei 120°C in Luft (Druck etwa 0,1 
ausgeheizt. 


konnte durch besondere Versuche ausgeschlossen 
werden. Ebenso liefert Nernst-Effekt mit 
dem bei der Belichtung entstehenden ‘Temperatur- 
gradienten einen um den Faktor 10 zu kleinen 
Wert gegeniiber dem beobachteten. Am _ wahr- 
scheinlichsten erscheint uns folgende Erklarung"? 
fiir diesen ‘“‘anomalen’”? PEM-Effekt : Die durch 
das Licht in einer diinnen Oberflachenschicht 
erzeugten inneren Photoelektronen haben zunichst 


der 


eine gréssere Energie, als sie dem thermischen 
Gleichgewicht mit dem Gitter entspricht. Sie 


diffundieren als ‘‘heisse’’? Elektronen in das 
Kristallinnere hinein. Ein entsprechender Dif- 


fusionsstrom thermischer Elektronen muss dann 
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aus Neutralitatsgriinden zur Oberflache fliessen. 
Dieser Strom thermischer Elektronen wird jedoch 
vegen der Energieabhangigkeit der Streuung am 
akustischen Zweig Conwell 

Weisskopf-Streuung 
das Magnetfeld abgelenkt als der Strom “‘heisser”’ 
Elektronen. Eine quantitative Abschatzung nach 
einem einfachen Modell, das mit zwei Tragersorten 
(“‘heissen’’ und thermischen) und entsprechenden 
Beweglichkeiten 


(solange nicht 


iiberwiegt) starker durch 


Diffusionskoeffizienten und 
arbeitet, gestattet aus dem anomalen PEM-Effekt 
die Zeit rt, abzuschatzen, die ein Elektron braucht, 
um sich mit dem Gitter ins thermische Gleich- 
gewicht zu setzen. Wir erhalten 7, » 4x 107}%s, 
Vergleicht man diesen Wert mit der freien Flugzeit 
Leitfahigkeitselektronen in 
erkennt man, 

dem Gitter’’ 


7qo der thermischen 
CdS 


offenbar wenige 


(7o  0,5> *S), dass 


sO 


““Stésse mit zur 


Herstellung des Gleichgewichtes  geniigen. 


Wahrscheinlich spielt diesem Prozess die 


Schallquanten 


bei 


spontane Emission von des 
optischen Zweiges eine entscheidende Rolle. Den 


PEM-Effekt offenbar 


immer dann beobachten kénnen, wenn es gelingt 


“‘anomalen”’ muss man 


durch eine hinreichend starke Verringerung der 


Minoritatstragerdiffusionslange, den normalen 
PEM-Effekt zum verschwinden zu bringen. 
Eine ausfiihrliche Veréffentlichung ist in der 


Zeitschrift fiir Physikalische Chemie beabsichtigt. 


Der Herrn 
Dr. BroseR und Dr. Hivpiscu fiir die Uberlassung der 
Kristalle und Herrn Dr. E. A. Nrexiscn fiir 

fruchtbare Diskussionen und Anregungen danken. 


Anerkennungen Verfasser mOchte den 


viele 


J. AUTH 


II. Phystkalisches Institut 
der Humboldt- Universitat 
Berlin 
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Polarization of low temperature luminescence 
from thallium-containing sodium nitrite 
single crystals 


(Received 13 July 1960) 


IN THE previous paper!) by some of the present 
authors it was reported that pure silver nitrite and 
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silver-containing sodium nitrite crystals show 
yellow luminescence associated with a fine struc- 
ture at liquid air temperature. In the continuation 
of this work it was found that pure sodium nitrite 
crystal emits blue luminescence with a fine struc- 
ture at liquid air temperature, and further that 
thallium or lead-containing sodium nitrite crystal 
show red luminescence similar to that from silver- 
containing salt. The result of pure NaNOg is just 
the same as observed by SIpMAN®:3) but was ob- 
tained independently of him. 

In this letter the results of a study on the polar- 
ization of the luminescence from ‘Tl*-containing 
NaNOo crystals reported. Single 


single are 


c 


a b 
Pictorially shown crystal structure of NaNOzg 
containing Tl] 


Fic. 1. 


crystals were prepared by means of the Bridgman 
method. Thallium salt added to molten 
NaNOgz with content of 0-1 mol. per cent. Single 


was 


crystals containing more than this content could 


not be made by this method. 

Luminescent properties were measured at liquid 
nitrogen temperature by the excitation of 3650 A 
mercury line. NaNOgz has an absorption band due 
to NO» ion with maximum around 3500 A which 
is polarized in the a-direction of the crystal, 1.e. 
perpendicular to the plane of NO2™ ion (see Fig. 
1). This absorption has been assigned to a transi- 
tion in which one of the unshared electrons on N 
atom is raised to an antibonding z orbital of NOe 
ion (ny > 7*).%4) By the 3650 A _ excitation 
Tl*-containing NaNOs shows the luminescence 
with blue and red bands as shown in Fig. 2, the 
former with a sharp fine structure being due to 
NO». and the latter with around 
6300 A due to Tl*. When T1 
but very weak absorption band appears around 
4600 A. This band was so weak that neither the 
observation of Tl*+ luminescence by the direct 
excitation due to this absorption, nor even the 


maximum 
salt is added a new 





‘ 
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ate — iar 
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Wavelength, mse 


Fic. 2. Microphotometer trace of emission spectrum from 'T]1+-contain- 
ing NaNOszs at 77 K by the excitation of 3650 A line. 
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measurement of the polarization of this absorption, 
was successful. 

The polarization characteristics of blue and red 
luminescence at 77°K are shown in Fig. 3. Degree 
of polarization P is given by 

2 ‘ 

P(é) = (7, -7,)/, +17 oe, 
where J, and J, are luminescent intensities, each 
corresponding to the case where polarizer and 
analyzer are either parallel or perpendicular to 
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red luminescence is polarized in the b-direction, 
which is the direction connecting 'Tl* and N if T] 

in the crystal is assumed to replace Na*. It is 
suggested that a weak coordination bond is formed 
between ‘Tl+ and N 
electrons of the latter. Then the red luminescence 
transition between the 


because of the unshared 


may be assigned to a 
excited and ground level of this bond. This seems 
to explain reasonably the results of polarization. 
Instead of this the following explanation might be 


A. 4e 


ree 


Ye] 
3 


Fic. 3. Degree of polarization P of the blue and red luminescence from 


Tl*-containing NaNOgzg single crystal at 77°K. @ is an angle between 


the electric vector of exciting light and crystal axis which is shown by 
b 


horizontal line of the marks beside each curve like +-a. 


each other, and @ is an angle between the electric 
vector of exciting light and crystal axis shown as 
the horizontal line in the figure for each case. 
b 

Marks beside each curve like ——a mean that the 
exciting light was irradiated perpendicularly to the 
crystal plane indicated, and luminescence was ob- 
served in the same direction. 

The blue luminescence is polarized in the a- 
direction, i.e. the same direction as that of 3500 A 
absorption, which is a quite reasonable result. ‘The 


also possible. An assumption may be made that the 
red luminescence is assigned to the reverse of a 
transition in which one of the unshared electrons 
on the N atom is raised to the empty 6p orbital of 
Tl*. Then the experimental results seem under- 
stood by this assumption. If these considerations 
are correct, then it is suggested that since the 
3650 A excitation line here used causes my —> 7* 
transition within NOs, some kind of inter- 
molecular transfer of excitation energy should take 
place to produce the red luminescence. 
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A detailed paper of this study will appear in the 


near future. 
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To the structure and oxygen content of copper 
and copper-manganese ferrite 


(Received 11 July 1960) 


Various authors":*) reported Cu ferrite to be 
tetragonal beneath and cubic above a certain tem- 
perature, for which values between 480 to 760°C 
were published. The cubic structure could be 
preserved down to room temperature only by 
quenching the samples. Further it is reported, ®) 
that an addition of 1-5—55 per cent of MngQy, to 
CuFeoO,4 would cause the structure of the mixed 
spinel, heated in air at 1000°C, to be cubic at 
room temperature even after cooling at a very low 
rate. 

During a previous investigation™) there arose 
some questions, concerning the interpretation of 
differential thermal analysis curves of mixtures of 
CuO and FesQOg (1 : 1) and of some mixtures of 
CuFesO, and MnO;. We studied therefore the 
changes, occurring during the heating of two 
homogenous oxide mixtures of the compositions 
CuOFeo! )g ()-42 CuO,;, 0-43 Feol )g, 0-15 
MnO, respectively. The mixtures were preheated 


and 


in air for 3hr at temperatures between 600 
1100°C, reground, pressed and heated finally for 
10 hr at temperatures between 600-1100°C, the 
furnace atmosphere being air for one part and 
oxygen for the remaining part of samples. ‘The 
medium cooling rate was 9°C/min. With one 
series of samples preheating was omitted. 

X-ray analysis of the cooled samples, differ- 
ential thermal analysis (DTA) in air and chemical 
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determination of the oxygen content were used for 
the investigation. 

The DTA curve of copper ferrite showed only 
a single reversible endothermic minimum be- 
ginning at ~970°C, with its peak at ~1015°C 
(Fig. 1, curve 1). The position of the minimum was 
independent of the preceding heat treatment of the 
samples. According to chemical analysis, a steep 
loss of oxygen (0-6-0-7 wt. per cent) occurred 
simultaneously between 900-1000°C. ‘The struc- 
ture of the ferrite below this loss, that is up to 
900°C, was tetragonal, after heating at 1000°C both 
a cubic and a tetragonal spinel phase were present 
simultaneously. No precipitated oxides of copper 
or iron were found. After heating at 1100°C still 
more oxygen was lost and, besides the cubic spinel 
phase, a phase of the type of CuFeO2 appeared on 
the debyegram. 

The DTA curve 
ferrite (Fig. 1, curve 
minima. The first of them, beginning at ~ 960°C 
and with its peak at ~1005°C, was accompanied 
by a change of the structure of the spinel from tetra- 
gonal to cubic, but by no (or by no appreciable) 


of the copper—manganese- 
2) showed two endothermic 


change in the oxygen content of the samples. 
Due to the experimental conditions and the slow 
rate of the reverse process no corresponding 
exothermic peak appeared on the cooling curve of 
the DTA. The second minimum, beginning at 
~ 1010°C, with its peak at ~ 1060°C, resembled in 
shape and reversibility the only minimum of pure 


copper ferrite. It was also in correspondence with 


a steep loss in oxygen content (0-6-0-7 wt. per 
cent) and with the occurrence of a phase of the 
CuFeOs2 type in addition to a cubic spinel phase. 

The reported results, especially those of the 
DTA, lead us to the assumption, that in pure 
copper ferrite the tetragonal—cubic crystallographic 
transition takes place at the same time as the 
change in oxygen content, that is when there is an 
appreciable increase of the concentration of Cu” 
ions, or it is proceeding too slowly and within 
too wide a temperature range, to be registered by 
our methods. In copper—manganese-ferrite with 
cation compositions suitable for spinel formation 
there is a clear tetragonal to cubic crystallographic 
transition without any accompanying chemical 
change. 

The dependence of the structural and chemical 
changes in the system CuO—-MnO-FeO on atmo- 
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Differential thermal analysis (1) of copper-ferrite; (2) of copper-— 


manganese-ferrite (composition see text); At difference of temperature between 
measured sample and reference sample; dotted line t heating and cooling curve 
of the furnace. 


sphere, temperature and preceding heat treatment 
will be dealt with in detail in a future paper. 
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Room temperature luminescence in pure 
alkali halides* 


(Received 3 October 1960) 


LUMINESCENCE in pure alkali halides has been 





* This work is supported in part by the Office of 
Naval Research. 


1) At liquid 
the 


by several investigators. 
nitrogen temperature light 
fundamental absorption band can excite luminesc- 


observed 
absorbed in 


ence with nearly unit efficiency. The emission is in 
the Alkali known to 
luminesce during coloring with X-rays at room 


temperature.) Irradiation with y-rays also gives 


visible. halides are also 


rise to visible emission. ‘°? 

We have observed a weak luminescence in NaCl, 
KCl, KBr and KI associated with coloring by 
ultraviolet light at room temperature. The irradia- 
tion for coloring and excitation was obtained from 
a vacuum monochromator with a hydrogen dis- 
charge lamp. The luminescence was detected 
with a 5819 photomultiplier having response from 
3600 A to 6300A. Single crystals from the 
Harshaw Chemical Company were used. The KI 
showed the well-known thallium emission which 
however was independent of coloring by u.v. and 
could be neglected. One crystal of NaCl grown 
at this laboratory with no detectable OH absorp- 
tion behaved in all respects like the Harshaw 
material known to contain OH. 

All pure crystals showed luminescence at room 
temperature building up to maximum intensity 





yminescence, 


\ 
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with a few seconds irradiation. We associate this 
delay with the formation of a color center by the 
light. It is that light the 
fundamental absorption band high 
F-centers.4) We 


responsible for the luminescence stable at room 


known absorbed in 

produces 
densities of found the centers 
temperature but bleaching with visible light (for 
KI light above a wavelength of 6850 A suffices) 
reduces the emission. 


The measured excitation spectra are shown in 


Fic. 1. Excitation spectra measured after extended u.v. 
irradiation. We associate the sharp threshold at low 
energy with the onset of band-to-band transitions. 


Fig. 1. The total luminescence seen by the photo- 
multiplier is plotted against the energy of the 
exciting photons. The minima occur at energies 
corresponding to “exciton peaks’ in the ab- 
sorption spectra.®) This effect has also been ob- 
served by TEEGARDEN at low temperature. He 
suggests the high optical absorption in the region 
of the absorption peak confines the excitation to 
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the surface layers favoring radiationless recombina- 
tion at the surface. 

Following Tarr and Puitipp) in their treat- 
ment of external photoemission we have taken for 
the threshold of luminescence the point where the 
yield is two orders of magnitude below the high 
energy saturation value. Table 1 summarizes these 
The 
has been ascribed to a shoulder in the optical 
absorption spectra commonly appearing on the 
high energy side of the first exciton peak(s).‘® 
The yield of the 300°K luminescence rises rapidly 
at this shoulder. If we assume this identification 


results. onset of band-to-band transitions 


of the position of the absorption shoulder with the 
energy of the band gap, we are led to conclude that 
the 300°K luminescence results from a process 
recombination of free 
electrons and holes at color centers. The sum of the 
luminescence threshold and the electron affinity 
threshold for 
photoemission. From Table 1 it will be seen that 


such as the successive 


then should give the external 
the electron affinities obtained in this manner are 
of the right order of magnitude. 


Table 1. Thresholds for luminescence at room 

temperature compared to the thresholds for external 

photoemission. The electron affinity is the difference 
between the two thresholds. 


Electron 
affinity, 


Threshold for Threshold for 


luminescence, 


photoemission, 


e\ e\ 


(a) after Ref. (7) 
(b) after Ref. (6) 


We hope a study of the temperature dependence 
of the 300°K luminescence, which we will under- 
take next, will clarify the relation between the 
effect observed by us and the other types of 
luminescence found in pure alkali halides. 
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On the thermodynamics of the Au-Pt system 
(Received 19 September 1960) 


THE GOLD-PLATINUM system shows a distinctly 
asymmetric miscibility gap in the solid (f.c.c.) 
state. Such a gap may in principle be brought 
about by an infinity of excess free-energy functions. 
For instance the mixing entropy may be taken to 
be Gibbsian, the excess free energy then being a 
function of concentration only. More generally, 
it can be taken to depend on temperature",?,9); 
but only a non-linear dependence on T corresponds 
with specific-heat effects: deviations from Kopp’s 
law. Therefore, it is not surprising that among 
the parameters chosen for defining the miscibility- 
gap boundary, specific heats play generally no 
role, or only a minor and implicit one. 

On the other hand, Weiss and TavER™) recently 
made an interesting attempt to understand the 
asymmetry of the Au—Pt miscibility gap from 
specific-heat effects alone. It is the purpose of this 
letter to point out that, although the mentioned 
authors have clearly brought to light that electronic 
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specific heats may have an important influence 
on the asymmetry of the miscibility gap, there 
is a real danger that the calculated gap shows 
additional, undesirable features if the energy at 
zero temperature is taken to be symmetric. 
Weiss and ‘TAvER used the free-energy equation 
G(in cal.) = Be(1—c)+ 
+RT{celne+(1—c)ln(1 —c)} — 
—5-117/(0:221+6/T)— 
1 7 AD : n° \ 
—1yT2—0-000262, (1) 


where c is the atomic fraction of Pt and the Debye 
temperature 6 = 164+ 69c. 
which are linear with concentration occurring in 
Ref. (4) have been omitted here. The first two 
terms at the right-hand side are those of a regular 


Some other terms 


solution. The last term is a very small correction. 
The third term is an approximation for the con- 
tribution of the Debye specific heats. Its influence 
on the asymmetry is slight. 

The asymmetry of the gap is brought about 
mainly by the fourth term, arising from the 
electronic specific heat y7. The change of y with 
c due to the filling of the d-band was taken to be 
analogous to that measured in Cu—Ni alloys. For 
c between 1 and 0-4 it was assumed to remain 
16:2 x 10-4 cal/mole deg? (the value for Pt), falling 
off for c < 0:4 towards 1-67 x 10-4 cal/mole deg? 
(the value for Au) as in Fig. 1. 

The authors used the experimental critical point 
(T = 1535°K, c = 0-615) to fix the parameter B 
at 6087 cal, by putting d*G/dc? zero, which is a 
necessary—though not sufficient—condition for a 
critical point. In addition, they used an experi- 
mental tie-line at 1000°K, with c,; = 0:26 and 
co = 0-97, in constructing their y,c-curve. It 
gives y and dy/dc at c = 0-26. Although 97 at. 
per cent Pt checks with the determinations by 
TreDEMA et al.,) the Pt-rich tangent-point at the 
1000°G, c-curve in Fig. 2 of Weiss and 'TAUER 
corresponds rather to ce = 0-93. 
value of 0-94 or more would 
c = 0:26 to be greater than 16-2 x 10-4. In copying 
their y curve in the present Fig. 1 we found good 


Indeed, a co 
necessitate y at 


agreement with co = 0-93. 

The tie-lines computed by Weiss and ‘TAUER 
at 800° and 1400°K are quite asymmetric, but it is 
clear that the miscibility gap following from 
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equation (1) should become virtually symmetric 
at low temperatures, because the y term is quad- 
ratic in 7. This must also be the case at the top, 
when both concentrations exceed 0-4; then the 
y term plays no réle, as was remarked already by 
VAN DER ‘TOORN ‘TIEDEMA®), by 
putting both d*G/dc? and d°G/dc* zero we cal- 
culated the point at 7 = 1626°K, 
c = 0-497. This is well above the experimental 


and Indeed, 


critical 


solidus curve. A number of tie-lines were then 


calculated from equation (1) and the resulting 











04 


Fic. 1. Electronic specific-heat coefficient y of Au with 
0 to 40 at. per cent Pt, as used by Weiss and TavER"), 


phase-diagram is shown in Fig. 2. Naturally it 
would vary somewhat with the detailed course of 
the y curve taken. The kink at 40 at. per cent Pt 
could be avoided if in Fig. 1 at c = 0-4 not only 
dy/dc but also d?y/dc2 were zero. But anyhow the 


curvature necessary to pass through c = 0-380 
at 1400°K (in good accord with WEIss and TAUER’s 
tangent in their Fig. 2) would be anomalous. 

An even more serious drawback of WEIss and 
TAUER’s equation is the resultant additional misci- 
bility gap at low Pt concentrations. Apparently 
the authors failed to observe that above about 
800°K the stable double 
tangents. The gap at the gold-rich side does not 


G,c-curves have two 
close in a critical point. If one would use equation 
(1) formally at very high T, the yT? term would 
dominate and yield a gap between c = 0 and 
c = 0-2, defined by the tangent to the y curve 


from its starting point at c = 0. No gold-rich 


THE EDITOR 


tie-line above 1350°K was calculated, as at about 
this temperature the experimental solidus curve is 
attained. 

GruBF et al.) found complications in gold-rich 
alloys that had been cold worked and annealed at 
about 900°C. But Trepema et al.®) could not 
confirm these results, and state that the 90/10 
Au-Pt alloy is homogeneous everywhere below 
the solidus. 

Equation (1) could formally be made to conform 
more satisfactorily to the experimental miscibility 


1700 




















1 
Pt 


Au-Pt phase diagram computed from WEIss 
and 'TAvuER’s free-energy equation. 


Fic. 


gap by altering the y,c-curve. Presumably this 
curve should then begin to fall off already at low 
Au concentrations, and show no pronounced kink 
or concave part. It is a separate question, whether 
or not it is likely that the filling of the d-band 
would influence the specific heat but not the energy 
at zero temperature. 


Philips Research Laboratories J. L. MetyERING 
N.V. Philip’s Gloeilampenfabrieken 

Eindhoven 

Netherlands 


References 


LuMSDEN J., Thermodynamics of Alloys. Institute of 

Metals, London (1952). 

. Harpy H. K., Acta. Met. 1, 202 (1953). 

. VAN DER ToorNn L. J. and Tiepema T. J., Acta 
Met. 8, 711 (1960). 

. Weiss R. J. and Tauer K. J., J. Phys. Chem. Solids 
7, 249 (1958). 

. TrepEMA T. J., Bouman J. and Burcers W. G., 
Acta Met. 5, 310 (1957). 

. GruBe G., SCHNEIDER A. 
Festschrift p. 20 (1951). 


and Escu U., Heraeus 





LETTERS TO 


Magnetocrystalline anisotropy of cobalt- 
substituted manganese ferrite 


(Received 18 July 1960; revised 1 September 1960) 


SEAVEY and 'TANNENWALD") have observed the 
change in magnetocrystalline anisotropy caused by 
a partial substitution of cobalt for manganese in 
manganese ferrite (MnFe2O4). The measurements 
were made at microwave frequencies. More re- 
cently PEarRsoN®) measured the anisotropy of 
these compounds using the static torque method. 
In both of these investigations it was found that 
the anisotropy contribution of cobalt was much 
smaller than in  cobalt-substituted magnetite 
(CozFe3_,04).%) A crystal-field model which 
accounted for the anisotropy in the latter com- 
pound has been given.) The purpose of this note 
is to show how the picture in magnetite may be 
modified in order to account for the effect of 
cobalt substitution in manganese ferrite. 

According to the crystal field model, the spin 
S(= 3/2) of Co?* is acted upon by both the mole- 
cular exchange field H and spin-orbit energy of 
the form +aAk+S. Here «h is the orbital angular 
momentum, A is the spin-orbit constant, R is a 
unit vector parallel to the three-fold axis of the 
octahedral site occupied by the ion, and f is the 
Bohr magneton. The fact that the spin-orbit energy 
may be represented to first order by the indicated 
term is a consequence of the assumption that the 
ground state is an orbital doublet. The choices in 
sign of the spin-orbit energy correspond to the 
orientations of the orbital angular momentum in 
the two orbital states. These effects give rise to 
eight energy levels 


M|28H + aAk|, (M = + 


where M is the spin quantum number. 

If the concentration of cobalt is small, the 
orientation of the spontaneous magnetization 
(%1%2%3) may be taken parallel to H. Then the 
free energy .F(%1%2%3) of substituted cobalt may 
be calculated in the usual way using the energy 
levels of equation (1). The cobalt contributions to 
the conventional anisotropy constants K; and Ke 
are given by 

AK, = 4¥(110) —4.F (100) (2) 


and a similar equation for AKe if terms beyond 
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second order in the phenomenological expansion 
are neglected. 

In the case of Co,Fe3_,O,4 the values H = « 
and «A = —132cm7! were found to be 
sistent with experimental data for AK; and AK»o 
over a wide range of temperatures.) An analysis 


con- 


of the magnetic annealing effect yielded the 
estimate PH = 320 cm~!. The calculated values 
of AK; and AKg are not very sensitive to the 
choice between these two values of H. 

SEAVEY and ‘TANNENWALD") and PEARSON?) 
found that AK, in Co;Mny_;Feo2O,4 is smaller 
and its percentage variation with temperature is 
greater than in Co;Fe3 _,O4. This suggests that 
the energy levels in the manganese case must be 
spaced more closely. PEARSON found that for 
H = © adjustment of «A could not bring about 
whole 


agreement over the 


Moreover, the similarity in crystal field environ- 


temperature range. 
ment suggests that «A should not differ greatly. 

It seems natural, therefore, to leave «A fixed and 
vary H because H is sensitive to the nature of the 
cations participating in the exchange interaction, 
We have calculated AK; vs. temperature as out- 
lined, using the value of «A obtained from mag- 
netite and adjusting H to obtain a fit of PEARSON’s 
torque results.) The calculated curve is shown 
with the experimental points in Fig. 1. The 
similar results of SEAVEY and 'TANNENWALD were 
not plotted because of uncertainty in composition. 
The fit shown in Fig. 1 should not be regarded 
as highly quantitative because the dependence of 
H on temperature is neglected. 

It is interesting to observe that the value 
BH = 87 cm-!, that in 
magnetite, is required to produce agreement. 
One could object that it is out of proportion with 
the Curie temperature 7, (858°K for magnetite 
and 573°K for manganese ferrite). However, this 
result is not necessarily contradictory since H and 


about one-fourth of 


T, do not involve precisely the same exchange 
interactions. The value of H is determined only 
by those interactions involving Co?* explicitly 


while 7; is influenced by all exchange interactions. 


PEARSON”) considered the alternative 
gestion) that the substituted cobalt ion in man- 


ganese ferrite might occupy a singlet orbital 


sug- 


ground state rather than a doublet. This would 
be the case if the sign of the trigonal splitting 
were reversed or if a non-trigonal crystal field 
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270 


component were Such a component 


might be present because of the mixture of Mn 


present, 


and Fe cations on octahedral sites in the 20 per 
MnFee2Qy4. 
orbital 


structure of 
that 
produce the 


cent inverse spinel 


However, it would seem a singlet 


state would necessarily wrong 


qualitative behavior. ‘The anisotropy would be 


(ergs /cc) 


- 
dq 
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It should be noted that the straightforward 
application of the orbital-doublet model to the 
anisotropy of the cobalt ion is not likely to succeed 
in all spinel ferrite hosts. The results for volume 
dependence of anisotropy in cobalt-substituted 
nickel ferrite’) and the temperature dependence 


of anisotropy in CoFe2O4"? indicate that in each 


T (°K) 


Fic. 1. Contribution to 
Coo.01Mno.99Fe2O4 as a 
Experimental points are 
based on 


and BH 


culated curve is 


smaller, to be sure, because it would appear in a 
higher order approximation to the spin-orbit 
However, the percentage variation of 
would smaller 


energy.‘ 
anisotropy with be 


because of the smaller opportunity for thermal 


temperature 


excitation of orbital states. The 1° law gives 
about half the required slope with respect to 
temperature. It is particularly the requirement that 
the percentage variation of anisotropy with tem- 
perature be greater in the manganese ferrite case 
which leads to our suggestion. Although the 
evidence is not conclusive our proposal seems to 
be in closest accord with experiment. 


due to 
the 


anisotropy of cobalt in 
function of 
PEARSON. 


values «A 


temperature. 
The cal- 
—132 cm-! 


87 cm-1, 


of these inverse spinels the effect of non-axial 
crystal fields is important.-1) A priori estimates 
of the doublet splitting due to the non-axial field 
in an inverse ferrite are comparable to spin-orbit 
energy!9,11) and tend to support these con- 
clusions, 0) 

Since the non-axial crystal fields are generally 
expected in an inverse spinel, existing evidence 
suggests that Feg0, and MnFe204 may be ex- 
ceptional in this respect. The reason for the axial 
symmetry in the case of Feg304 may be a rapid 
transfer of electrons leading to frequent inter- 
change between Fe2+ and Fe®* on octahedral sites. 





LETTERS TO 


The reason in the case of MnFegO4 may be that 
this ferrite is near enough to normal that the non- 
axial field for most sites is negligible. 
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BOOK REVIEW 


K. MENDELSSOHN: Cryophysics. Volume 7 of Inter- 
science Tracts on Physics and Astronomy, edited by 
R. E. Marsuak. Interscience Publishers, Inc., New 
York, 1960. 183 pp., Cloth $4.50, Paper $2.50 


Tue last ten years have seen a tremendous ex- 
pansion and progress in physics at low tempera- 
tures. The well-known introductory books on this 
field, namely, VON LAMMEREN’s Technik der tiefen 
Temperaturen (1941), L. C. Jacxson’s Low 
Temperatures Physics (1948) and Simon’s Low 
Temperature Physics—Four Lectures (1952) do not 
suffice any longer to give an adequate idea of the 
present state of this field. 

Although there are several recent specialized 
reviews and books on low temperature physics, a 
short introductory text is most welcome. ‘This 
book, Cryophysics by Dr. K. MENDELSSOHN, one of 
the well-known workers in this field, is aimed for 
advanced students or “‘for those interested but not 
necessarily engaged”’ in this field. As such it is 
very useful, is well written and contains at the end 
of every chapter many references to specialized 
treatises for those interested in a more quantitative 
and advanced study of low temperature phenomena. 

The first chapter “‘Cryogenics’” covers the 
techniques of gas liquefaction, the storage of 
refrigerants and the techniques for reaching 
temperatures below 1°K by means of adiabatic 
demagnetization and nuclear cooling. 

Chapters 2 and 3 fall under the heading of, 


respectively, ‘““Thermometry” and ‘“‘Specific 
Heats’’. Description of gas thermometers, mag- 
netic thermometry for the region below 1°K and 
secondary thermometers, like platinum and ger- 
manium thermometers are Different 
kinds of specific heat, due to lattice vibrations, 
conduction 


included. 


order—disorder transformation, 
electrons as well as Schottky anomalies are dis- 
cussed. 

Chapter 4, on ‘Magnetism,’ 
magnetism and antiferromagnetism, and describes 
the different ways of orienting nuclei at low 
temperatures. A simple description and explana- 
tion of the de Haas—Van Alphen effect is also 
given. Chapter 5 covers the transport phenomena 
in dielectrics and metals. ‘““Superconductivity”’ and 
“The Helium Problem” covered in Chapters 6 and 
7 are treated especially in detail and give a very 
good idea of the problems involved and the 


’ 


treats para- 


progress achieved in the last few years. Some of the 
properties of liquid and solid helium 3, an element 
now easily obtainable, are briefly discussed. 
Chapter 8 treats miscellaneous interesting pro- 
blems not fitting into any of the subjects previously 
discussed. It treats the melting curve for gases, 
thermal expansion and mechanical properties of 
solids, trapped free radicals, bubble chambers and 
masers. An appendix gives the vapor pressure of 
condensed hydrogen, liquid He* and He?. 

Horst MEYER 
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A. Many, N. B. Grover, Y. GOLDSTEIN and E. Harnik, Discussion of 
the paper by R. F. Greene, J. Phys. Chem. Solids 14, JD5 (1960). 


Page JD5, right hand column, third line from bottom; read A,/Lp for 


AnLp. 
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Abstract—Low temperature paramagnetic resonance experiments of oxygen molecules trapped in 
single-crystal B-quinol clathrate are described. The large zero-field splitting of the trapped Oz 
dictated use of high fields and high frequencies. Measurements with d.c. and pulsed magnetic 
fields, and 4 mm and 8 mm wavelength radiation were therefore employed for the experiments with 
various fractions p of the B-quinol cages occupied by molecules. The results are interpreted in terms 
of the hindered rotation theory applied by MEYER et al. to magnetic susceptibility measurements. 
The trigonal axis was identified as the axis of minimum energy, and the zero-field splitting was 
measured to be about 4°4°K, in reasonable agreement with the value derived from magnetic suscepti- 
bility measurements. The paramagnetic resonance on samples with pS0-:2 showed a complex 
structure composed of several lines which extended over a range of 2 kg, and could be resolved at 
1:5°K. Experiments with dilute systems of Oz in Ne clathrate crystals (po, < 0-05) showed three well 
resolved component lines corresponding to zero-field splittings D’ Dj, D with Dj/k = 4-36 
+0:05°K, (D/—D%,)/k = 0:127+0-01°K, and (D’ —D’)/k = 0:094+40-01°K. The relative 
intensities of the components can be interpreted quantitatively as a function of p by 
associating the three zero-field splittings with occupation of the two cages nearest to a resonating 
molecule by zero, one, or two molecules, respectively. The change in hindrance potential due to 
van der Waals forces between the Og and its nearest Ne neighbors is calculated, and the resulting 
zero-field splitting changes are compared with those derived from the resonance spectrum. An 
upper limit for the paramagnetic spin-lattice relaxation time of Oz in f-quinol, 71;<50 usec at 
1-5°K, was estimated from the pulsed field resonance data. 


1. INTRODUCTION 6-quinol clathrate crystal is an ideal container for 


THE CRYSTALLOGRAPHIC properties of f-quinol — several types of gas molecules, allowing 2 x 10?! 
molecules/cm* to be stored at room temperature. 


clathrate have been studied extensively by several 
authors,) and recently measurements of the This concentration is equivalent to an ideal gas 
paramagnetic susceptibility of Og trapped in this _ pressure of 80 atm. The crystal structure contains 
compound have been reported.‘ %: 4) These latter regularly spaced, almost spherical cages, each of 
measurements suggested the paramagnetic reson- which can trap at most one gas molecule. The Og 
ance experiments described in this paper. The molecule is constrained by the cage so that the gas 
- Now at the Department of Physics, Duke University, cannot condense, and apparently no chemical 
Durham, North Carolina. 


+ Operated with support from the U.S. Army, Navy, 


bond is formed between the Os and the cage atoms. 
The f-quinol crystal has trigonal symmetry (space 

R3) and all the cages are equivalent. The 
and Air Force. group 5) and all the cages are equiva ent. 1€ 
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cage centers form a trigonal lattice which may be 
regarded as a body centered cubic lattice com- 
pressed along the cube diagonal, so that in terms 


of its hexagonal lattice constants a = 16-6 A and 
c = 5-5 A; c/a = 0-33, considerably smaller than 
the b.c.c. value of 0-61. If the cage did not interact 
with the trapped Os, the behavior of the free para- 
magnetic Og molecule in its lowest rotational 
studied at low temperatures. 


states could be 


Actually, the cage influences the molecular motion 
and these interactions are reflected in the para- 
magnetic properties. For temperatures above 4°K, 


the magnetic susceptibility® 4) of Og in the 
clathrate is that expected of the free gas without 
interaction. The deviations from the free gas 
susceptibility below 4°K were interpreted by 
O’Brien and VAN VLECK") as follows. At low 
enough temperatures, the oxygen molecules carry 
out a hindered rotation in the cages, with a 
hindrance potential V which to first approximation 
can be written 


V = Vo(1—cos 28) (1) 


where @ is the angle between the molecular axis 
and the direction of minimum energy. The spin 
motion is described in terms of a spin Hamiltonian 
with a zero-field splitting term due to the coupling 
of the spin (S = 1) to the molecular axis. If the 
molecular axis is fixed (Vo = 00), the zero-field 
splitting is D/k = 5-66°K;) if the rotation is not 
completely hindered the effect is to reduce the 
splitting to 


D' = D3 cos"6) ay, — 4) = Dl —_ #» av, ] (2) 


where <cos*@>ay is the expectation 
cos*@. The spin Hamiltonian of the lowest 3 levels 
of the oxygen molecule in a magnetic field can 
then be written as 

H = gBH-S+D[S2-4S(S+1)] (3) 
where z is the axis of minimum potential energy 
of the molecule, g = 2-00 and £ is the Bohr 
magneton. 

From susceptibility measurements between 
4-2°K and 0-2°K on an Og clathrate powder®, 4) 
D’/k was found to be 4-15°K. Since only the lowest 
hindered rotational state is populated at these 
temperatures, only the zero point motion need be 
considered. For small enough amplitudes, 


E = hv = 4nv®I (0) ay (4) 
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value of 


and W. H. KLEINER 
where v is the frequency of rotation and J is the 
momentum of inertia (for Oz, J = 1-95 x 10-89 cgs). 
The dependence of v on the hindrance potential 
Vo is given by the relation 

1 /Vo\1/2 


7) 


Using equations (2) and (4), one finds 
v ~ 0-49 x 1012 sec, 


The large quantity of clathrate required for the 
susceptibility measurements precluded use of a 
single crystal in order to determine the equilibrium 
orientation of the Oz molecules with respect to the 
trigonal symmetry axis (c-axis) of the S-quinol 
crystal. It was suggested, ) however, that the Oz 
molecule would be aligned with its large dimension 
along the c-axis. Paramagnetic resonance experi- 
ments of Og in single crystal clathrates would, of 
course, permit a more detailed examination of the 
hindered rotation model, but the large value of D’ 
necessitates the use of r.f. frequencies and applied 
magnetic fields well above those generally available. 
Such experiments with 4mm and 8 mm wave- 
length radiation and pulsed or d.c. magnetic fields 
are described in this paper. Both dilute and con- 
centrated Oz samples were studied, but only the 
dilute Oo results were amenable to detailed inter- 
pretation. 


2. EXPERIMENTAL TECHNIQUES 

An extremely simple form of a reflection spectro- 
meter was used for both the 4 mm and 8 mm wave- 
length measurements. Microwave power was 
supplied by a low power klystron to a waveguide 
circuit. The suitably oriented clathrate crystal was 
held by Apiezon grease to a thin shorting end-wall 
of a long, thin-walled, silver-plated section of 
stainless steel waveguide. Resonant absorption was 
observed as a change in microwave power reflected 
from the end-wall assembly when the magnetic 
field was swept through the resonance. ‘The wave- 
guide was immersed in liquid helium for measure- 
ments from 1-5°K to 4:2°K, liquid helium being 
excluded from the waveguide. The gain in sensi- 
tivity attained with the combination of high fre- 
quencies and large waveguide filling factor per- 
mitted measurements without the use of cavity 
techniques even for the pulsed field experiments 
with relatively dilute paramagnets. 
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Low field measurements were made with a d.c. 
magnet which could be rotated in a horizontal 
plane perpendicular to the waveguide axis. The 
large value of D’ and limited d.c. fields (less than 
18kG) permitted the angular variation of only one 
resonance line (M; = 0<+»M; = —1) to be 
observed with 4mm radiation. 

Pulsed fields were essential for measurements 
at high fields for 8 mm or 4 mm radiation. These 
fields were produced by an oscillatory capacitor 
discharge through suitably constructed solenoids, 
which operated at room temperature. The details 
of the capacitor bank and coil designs are published 
elsewhere.6) The microwave waveguide and 
surrounding Dewar assembly were inserted in a 
1 in. i.d. pulsed field coil for these measurements. 
Peak fields of 180 kG could be obtained over about 
10 cm® with discharge of the 2000 uf, 3000 V 
capacitor bank. The fields were calibrated at fixed 
points by paramagnetic resonance of MnFo. The 
field variation with time was observed as the inte- 
grated output voltage of a search coil positioned 
in the working volume. The absolute accuracy of 
the pulsed field measurements was well within 
5 per cent. This technique has been employed for 
various other resonance experiments for which a 
large applied field is required in order to “tune”’ 
the resonance to relatively low frequencies. ‘”) 

The clathrate crystals were grown from a satur- 
ated solution of quinol in n-propyl alcohol as 
described by Evans and RicHarps®). The Og 
pressure under which the crystallization took 
place varied between 200 and 1500 lb/in.2 The 
crystals showed distinctly the symmetry axis and 
were somewhat red in color, possibly because of a 
slight oxidation of the quinol by Oz during 
crystallization. Nitrogen clathrates with small Oz 
concentrations, grown under up to 
2000 Ib/in.? of Ne did not have this coloring. 


pressures 


3. EXPERIMENTAL RESULTS 

A. High concentration of Oz 

The first resonance experiments on concen- 
trated Og f-quinol crystals were performed at 
4-2°K with pulsed fields. Resonance lines of about 
2 kG width were observed with the field parallel and 
perpendicular to the c-axis. The resonance spec- 
trum could be interpreted in terms of the spin 
Hamiltonian, equation (3), with the quantization 
axis along the c-axis of the crystal. One concludes 
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that the hindrance potential V is minimum along 
the c-axis. The same conclusion was reached for 
Ne molecules trapped in f-quinol.) 

The energy level diagrams for measurements 
with the applied field H parallel or perpendicular 
to the c-axis are shown in Fig. 1. The observed 
spectra are compared with the resonance conditions 
obtained from the eigenvalues of equation (3): 


hy = |D'+gBH| for H|| z 


(6 
hy = 3[D' + (D+ 49°6?H?)1/2] for H | 2 


H (kilogauss) 
Fic. 1. Energy level diagrams for the spin Hamiltonian 
of equation (3) with S = 1 and D’ = 33 kG. Possible 
transitions at 36 kMc/s (c,d,e,g) and 71 kMc/s (a,b, f,h) 
are indicated. The high field limit values of M, are 
shown on the right. 


The measured pulsed field values are indicated in 
Fig. 1 for both the 4mm and 8 mm data with Og 
clathrate grown under a pressure of 1500 lb/in.? 
Although it was difficult to align the c-axis 
exactly parallel to the pulsed magnetic field, the 
additional resonance after “cross-over” at higher 
fields permitted a correction to be made. For in- 
stance, if the c-axis were parallel to H, and the 
relaxation time were sufficiently short, the field 
interval between the low field and high field 
resonances (a and 5, or c and d in Fig. 1) would be 
given by AH; = 2hv/g8. Misorientation of H with 
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respect to z would result in a smaller interval, AH. 
The 1 e field of the |AM,| = 2 transition 
(e or f) for zis Hz = hv/2g8, but the transition 
is not allowed. When H is not aligned along z the 
corresponding transition is allowed, but then Ho 
Thus 


resona’ 


will occur at a field value greater than hv/2gf. 
misalignment of H with respect to the c-axis can 
be estimated from the measured values of AH and 
hv. The value of |D’! can be determined from the 
“cross-over field” H, and D’ opH, 

H, ~ 3(Ha+H) ~ AHe+Ha) for slight 
The energy differences for H making 
- arcsin 6 with respect to the 


where 
mis- 
orientations. 
a small angle 7 


c-axis are approximately 


o- 
y a o8H +- 


|AM,| 
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f+ D'+3e8H" 
D'eBH | | 


D2—(eBH)? 
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smaller, 
observe 


of the Os molecule should be since 

62>ay, increases. Attempts to para- 
magnetic resonance for these higher levels with 
pulsed fields have been unsuccessful with either 
4mm or 8 mm radiation. In both cases the field 
for resonance did not change for temperatures to 
about 12°5°K and the line width increased so 
rapidly that it was not possible to detect the 
resonance at higher temperatures. 

The observed line width of about 2 kG at 4-2°K 
was surprisingly large, and could not be explained 
Measurements were therefore 
order to 


in a simple way. 
extended to lower temperatures in 
examine the line broadening mechanism in more 


8427D'2( eH) 


5 


l 
edhe 


2D' eH + [D'2— 


; 27D’ *(gBH)* 


¢ (gBH) or D” $ 
The 


These 


under the conditions that D’? < 
(gBH)?, 1. 
high field quantum numbers are used here. 
conditions are certainly met by the 4mm experi- 
ments. The sign of D’ may be determined from 
intensity measurements as a function of tempera- 
or from magnetic susceptibility measure- 


e. far from the “cross-over” point. 


ture, 
ments. 

An additional 
equation (3) would lead to |AM, 


rhombic term KS*—S*) in 


1 transitions 
hy “[1- gyi for H 
hy = 4(D’ —: 4 9°82 HH? 4+4(D’' + E)?]} 
forH | 2 (8) 
Assuming that £° D* and 0<|E|<ty/2, we 
would have the following results for 1 |! x: (a) AH; 
(b) Ho we less 
than hy/2g8, and (c) the |AM, 2 transition 


would be allowed. None of these effects have been 
is small. 


would be greater than 2hy/g8, 


observed, and we conclude that |# 
The hindered rotation model indicates that the 
D’ values associated with higher rotational levels 


o— 3(g8H)? | 
- - + 
4 ce oBH)2|[D'2 +3(g8H)2 2) 


detail. Since the transition M, = 0<5 M, = —1, 
observed with 70-7 kMc/s radiation occurred at 
relatively low H, d.c. 
A complex structure containing at least six 
lines could be resolved at 1-5°K. The angular 
variation of each line could be followed for + 20° 
from the c-axis; the lines varied uniformly as 82. 
(Similar data for dilute Oz are shown in Fig. 4.) 
Further resolution was attempted by decreasing 
the Os concentration in the clathrate crystal. 
Typical results are shown in Fig. 2. ‘The magnetic 
fields for the data are not indicated because orien- 
tation with respect to the magnetic field is not 
identical. The general characteristics of these 
experiments were: (1) As the Og concentration 
was decreased, the peak intensity shifted from 
high to low field. (2) For the lowest Oz concentra- 
tion (grown at 200 lb/in.2) three resolved main 
peaks were observed. In this case, the highest in- 
tensity occurred at lowest H, and additional low 
intensity peaks were superimposed [see Fig. 2(d)]. 
(3) Annealing various crystals at 60°C affected the 
but the 


measurements could be 


made. 


relative intensities of the lines somewhat, 
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results did not seem to show a systematic trend. 
The high field part of the spectrum was usually 
enhanced by annealing. The positions of the 
various lines for all samples seemed to occur at 
approximately the same field, but the intensities 
varied. The lowest Os concentration (200 lb/in.?) 
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H 
Fic. 2. Examples of resonance spectra for various con- 
centrated Og clathrates taken with 70-7 kMc/s radiation 
and at 1:6°K. Samples A, B, and C were grown with 
1500 Ib/in.2 Og pressure and subsequently were annealed 
at 60°C in Og at pressures of 1000 Ib/in.?, 1000 Ib/in.2, 
and 14-7 lb/in.2, respectively. Sample D was grown 
with 200 1b/in.2 Og pressure and not annealed. The 
percentages of filled cages, obtained from gas analysis, 
were A-39, B-39, C-31 and D-18. 


crystal showed a spacing of 800+ 100 G between 
major peaks. Samples with 18 to 40 per cent of the 
cages filled with Og were studied as a function of 
anneal. The value of D’, 
as the center of the broad resonance line, was 
33-0+0-6 kG (4-43°K) 

The 18 per cent Og data (Fig. 2d) suggested 
that even further resolution would be observed 


average estimated 


with increased dilution. It was not possible to grow 
sufficiently large single crystals of more dilute Og» 
clathrates. Instead, crystals with a large concen- 
tration of Ne and a small concentration of Oe 
(po,<9-05) were used. To a large extent the 


significant information from the resonance data 
No” 


was obtained using these ‘“‘dilute Og in 
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samples. Most of the remainder of this paper will 
be concerned with the analysis and interpretation 
of these data. 


B. Dilute Oz in No clathrates 

Spin resonance was observed using two con- 
centrations of Os in Noe clathrate. ‘These were 
grown with 40 lb/in.? Os and either 750 Ib/in.? No 
or 2000 lb/in.2 No. The results of d.c. measure- 
ments at 4 mm and 1-6°K are shown in Figs. 3(a) 
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Fic. 3. Absorption spectra for dilute Oz in Ne clathrates 
at 1:6°K and with 70-0 kMc/s radiation. Top figure (a): 
p = 0°55 corresponding to @ 7S in Fig. 4. 
Bottom figure (b): p —10° 
in Fig. 4. The corresponding field values for resonance 


0-75 corresponding to @ 


are given in Fig. 4. 


and 3(b). In each case, three well resolved lines 
are obtained, but the relative intensities are quite 
different. The spacing between lines is about 
900 G for either material. Consistent results were 
obtained with resonance measurements on several 
crystals grown in the same batch. Accurate com- 
parison of the D’ values of the three lines was 
possible with d.c. measurements for these two 
dilute clathrates. In order to estimate errors due 
to crystallographic mis-orientation, the fine struc- 
ture was examined as a function of angle. The 
results for these two crystals are superimposed in 
Fig. 4. The angular orientation of the c-axis is 
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estimated to be within 5° of the plane of the 
applied H. The value of D’ and spacing between 
lines agree within the experimental error for the 
two crystals. The average values of the D’s for 
these lines in kilogauss are Dy = 32-4+0°-4, 
D; = 33-4+0-4 and Dy = 34-:15+0°4, respec- 
tively 4-36, 4-48 and 4°58 


H (kilogauss) 


“eV ~ 
§ (degrees) 


Fic. 4. Angular variation of the three fine structure 

resonance peaks for dilute Oz in Ne f-quinol crystals. 

All data were taken at 1-6°K and with 70-0 kMc/s radia- 

tion. The triangles correspond to Fig. 3(a), p = 0°55; 
the circles correspond to Fig. 3(b), p = 0°75. 


Pulsed field measurements at 4-2°K and 1-5°K 
were made in order to examine the fine structure 
in more detail. If, for instance, the additional 
lines were due to population of higher rotational 
states, (a situation which seems quite unlikely) 
then the field dependence of the paramagnetic 
resonance for some of these states would be 
quite different from the ground state, and the 
spacings between the fine structure lines would 
reflect this effect. The |AM,|! = 1 transition with 
4mm radiation permits measurements to be made 
with the resonance lines separated by about 50 kG. 
Some typical results of these experiments, shown 


~ 


in Fig. 5, illustrate the type of information ob- 


tained with the pulsed field techniques. 


The pulsed magnetic field executes a few oscillations 
of a damped sinusoidal character and each time the 
magnetic field passes through a resonance, a change in 
absorption is recorded. By “‘tuning”’ the peak amplitude 
of the first half cycle of pulsed field so that it is slightly 
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above the resonance field value, (i.e. by carefully 
adjusting the charging voltage of the capacitor bank) it 
is possible to resolve the high field |AM,| = 1 resonance. 
Resolution of the low field transition is then attained on 
succeeding oscillations of the field, since the time interval 
spent at a given lower field continues to increase as 
energy is dissipated by the oscillatory circuit. The 
horizontal scale in Fig. 5 is linear in time, but quite non- 
linear in H. For this reason, each of the resonances are 
labelled a, b, c, d, e, or f according to Fig. 1, and a sub- 
script 1 is added to indicate the 7’th time that the par- 
ticular resonance is observed in a given trace. The same 
notation is used for the selected portions of time expanded 
traces also shown in Fig. 5. 


Two additional results were obtained with the 
low temperature pulsed field measurements. First, 
the spacing between the fine structure com- 
ponents was about 900 G (within 10 per cent) for 
both the a and 3 lines, and the relative intensities 
of components were the same. Second, a broad 
resonant absorption at Hw 15kG was also 
observed, but it was difficult to resolve any fine 
structure. Since H was greater than hAv/2gB, and 
AH = 46kG between the a and 4 transition, this 
line has been identified asa |AM,| = 2 transition 
(type f in Fig. 1). The results are consistent with 
H making about a 20° angle with respect to the 
c-axis, Further remarks concerning this additional 
resonance will be presented in the discussion of 
spin-lattice relaxation. 


4. DISCUSSION 

All the low temperature paramagnetic resonance 
data on Og molecules trapped in £-quinol are con- 
sistent with the spin Hamiltonian equation (3), 
as far as the over-all positions of the resonances 
are concerned, with D’ = 4-4°K and the z-axis 
along the c-axis of the crystal. No evidence for a 
possible orthorhombic contribution E(S*—S*) 
has been found, but it is difficult to estimate a 
lower limit for |E|. The any 
orthorhombic term is presumed to be negligible. 

The low temperature magnetic susceptibility 
data) with p = 0-40 was fitted earlier with the 
same spin Hamiltonian with D’ = 4-15°K. The 
difference between the D’ values from the reson- 
ance and the susceptibility experiments is not 
quite within the experimental error, but the dis- 


contribution of 


agreement is not believed to be significant. The 
maximum errors of the susceptibility are esti- 
mated to be 3 to 4 per cent. More accurate values 
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Fic. 5. Pulsed field resonance spectra taken at 1°5°K with 
4mm radiation. A: Pulsed field vs. time (100 pusec/large 
division). B: Relative absorption vs. time (100 ysec/large 
division). C: High field resonances expanded (20 psec/large 


division). D: Low field resonances expanded (20 psec/large 


division). 
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LOW TEMPERATURE PARAMAGNETIC RESONANCE OF 


of D’ are expected from the resonance data, since 
the distribution of paramagnetic ions in a given 
crystallite is observed directly rather than by a 
random average over many crystals. The values 
of Do, Di, and Ds are more accurate, but the 
proper weighting of each line is difficult to deter- 
mine for the high concentration Oz samples be- 
cause of additional line broadening effects and 
apparently limited uniformity of the Os distri- 
bution in the crystal. 

As mentioned in the introduction, the spin 
Hamiltonian equation (3) follows naturally from 
a simple hindered rotator model, and the value 
of D’ determines the value of the hindering 
potential coefficient Vo. 


A. Fine structure 

With the data available we have been able to 
give a detailed interpretation of the fine structure 
of the resonance lines only for the dilute Og in Ne 
samples. 

We first rule out the possibility that a more com- 
plicated single-cage Hamiltonian in place of 
equation (3) can alone account for the observed 
fine structure. The relative intensities of the fine 
structure components would be independent of 
concentration for any single-cage Hamiltonian. 
Further, the components might be expected to 
have different temperature and field dependencies; 
the data show no evidence for this.* In fact the 
fine structure is well described as a function of 
both field orientation and temperature by a super- 
position of three resonances, each given by the 
spin Hamiltonian equation (3), but each with its 
own D’ value. This leaves crystal interactions 
among the trapped molecules and crystal imper- 
fections to account for the fine structure. 

We account quantitatively for the observed 
concentration dependence of the relative intensities 
of the component resonances in terms of interac- 
tion among the trapped molecules in the following 
way. The spin Hamiltonian of a resonating mole- 
cule has the value Do, D;, or Do, according to 
whether the two nearest neighbor cages are 
occupied by 0, 1, or 2 molecules. Effects of 


* More detailed arguments of this type have been 
used(®) to rule out explanations based only on a single- 
cage model for the fine structure observed in the nuclear 
electric quadrupole spectrum(®) of Nz molecules trapped 
in B-quinol. 
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occupancy of more distant cages are neglected to 
a first approximation since they are considerably 
farther away: the two nearest neighbors are at a 
distance of 5-5 A along the c-axis, while the six 
second nearest neighbors are 9-8 A away and the 
six third nearest neighbors are 10-3 A away. 
Assuming the molecules occupy the cages at ran- 
dom, the two cages nearest to a resonating mole- 
cule are occupied by 0, 1, or 2 molecules with 
probabilities g?, 26g, and p?, where p as before is 
the fraction of cages occupied and g = 1—p is the 
fraction empty. The peak intensities Jo, 4; and Je 
of the fine structure lines should be proportional 
to these probabilities for similar lines, and con- 
sequently they should satisfy a consistency re- 
lation which is independent of the value of 9, e.g. 
(41ol2/I°)'/2 = 1. Best comparisons can be made 
when the /’s are about equal—when one line has 
a very low intensity, background noise can lead to 
relatively large deviations from 1. Alternatively, 
the value p; calculated from the intensity ratio 


p1 
2(1 —/1) 


and the value pe calculated from 


n= Io I; = 


can be compared for consistency. The two con- 
sistency criteria are not independent and are re- 
lated approximately by (4717r2)!/* = (4/ole iT") 2= 
1—(p1—pe2)/2p(1—p), where p = (pitpe2)/2. Some 
care must be used when interpreting such compari- 
sons because the values of p will be most sensitive to 
the ratios of intensities when these are most nearly 
equal. Finally, if the spin-lattice relaxation time 
is short, the intensities will vary appreciably if the 
magnetic field interval between fine structure lines 
is large, simply because the equilibrium population 
differences will vary with field. In the present case, 
this last effect is neglected, but it can account for 
almost a 5 per cent change in intensity at 1-5°K 
even for the low field a transitions. Further. dis- 
cussions of such effects will be considered when 
the relaxation time estimates are examined. To 
test the model, one can use either of the above 
consistency criteria or one can compare the values 
of p with those obtained from volumetric analysis 
of the Nog gas evolved by the f-quinol when 
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Table 1. Consistency tests of random occupancy and comparison of resonance and gas analysis values of p 
for dilute Oz in Nz B-quinol 


(4IoIo/I?)1/2 


Sample 


No; 40 Ib /in.? Oo 1:1+0-1 


750 Ib/in. 


2000 lb/in.2 Ne; 40 Ib/in.? Oe 1-1+0°1 


melted. The results of these tests for several in- 
tensity measurements on two particular crystals 
are given in Table 1, where the errors correspond 
to an estimated maximum range of the intensity 
data. 

The errors indicated for the gas analysis are for 
similar samples taken from the same batch of 
crystals used for the resonance experiments, but 
the gas analysis was made about 13 years before 
the final intensity data were obtained. The general 
agreement of p; and fg for a given crystal, the value 
of (41 lo I”)! 2, and the reasonably close corre- 
spondence to the measured gas content of the 
crystals all indicate that the three lines are associ- 
ated with the three possible configurations of No 
occupancy of the two equivalent nearest neighbor 
cages, and hence with three values of D’. 

Since the present model rests on the above 
analysis, some further comments may be in order. 
If the assumption of similar line shapes is justified, 
the deviations of the data from consistency pro- 
vide some evidence for slight clustering of gas 
molecules. This appears to be the case for the 
p = 0-56 sample in particular, but more detailed 
the will 


necessary before such conclusions can be justified. 


measurements of line intensities be 
Even though the scatter of po is large because Jp is 
small, the value of p can be determined with a 
precision comparable to that of the gas analysis 
techniques. Finally, the apparent discrepancy be- 
tween p ~ (0-73 and the gas analysis is not thought 
to be significant. 

The data also show that the value of D’ increases 
as the number of occupied nearest neighbor cages 


goes trom zero to two. 


B. Calculation of fine structure intervals 


We now apply a simplified model for the inter- 


~1 


‘5+ 
‘01 


745 + 


‘005 


p(resonance) p(gas analysis) 


0°565+ 


0-02 


=2 4 
U-/3S + 


0-04 


action among the trapped molecules to calculate 
D;—Do and Ds—D;. The direct part of the 
interaction is represented as a sum of pair 
potentials. The indirect part of the interaction, 
the part which involves n-body forces, n>2, and 
which involves the 8-quinol structure as an inter- 
mediary, is neglected. A sufficiently accurate cal- 
culation of the indirect part appears to be difficult. 
An important simplification arises with this model 
because the caged molecules are not in contact. 
This allows us to avoid dealing with the difficult 
problem of direct repulsive interactions which 
ordinarily plagues van der Waals calculations. 
Changes of the lattice parameters with changing 
trapped molecule concentration are neglected.* 
The pair potential is approximated by the 
attractive inverse sixth power contribution to the 
dispersion or The 
pendence on orientation of the interacting mole- 


London _interaction.t de- 


cules is included, as given by Lonpon"!), Lon- 
don’s pair potential depends on spherical polar co- 
ordinates of the molecular axes with respect to the 
intermolecular axis. For the f-quinol crystal it is 
more natural to deal with spherical polar coordin- 
ates 0, d and 0’, d’ of the two molecular axes relative 
to the trigonal axis of the crystal and with the angle 


10) 


* Recent X-ray diffraction measurements at room 
temperature show that the average lattice parameters 
do not change by more than 0-1 per cent for trapped Og 
and Ne concentrations between p = 0:2 and p = 0°8. 

+ Quadrupole—quadrupole interaction in first order of 
perturbation theory also contributes to the pair potential. 
The uncertainty in the known values of the quadrupole 
moments of Oz and Ne makes the contribution difficult 
to estimate accurately. Note that this interaction is 
absent when the trapped neighbor is a rare gas. We hope 
to consider the quadrupole—quadrupole contributions 
in more detail at a later time when Og spin resonance 


data with rare gas neighbors is available. 
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ys between the intermolecular axis and the trigonal 
axis. We neglect deviations from cylindrical 
symmetry in the orientational motion of the mole- 
cule, although the cage potential is actually 
trigonal; we accomplish this by averaging London’s 
expression uniformly with respect to ¢ and ¢’. 

We describe the effect of the interaction on the 
rotational motion of the resonating molecule, and 
hence on D’, as a change in the orientational 
potential of the hindered rotator. 'The orientational 
potential is approximated as earlier by equation (1) 
and the effect of the interaction is represented 
entirely as a change 5Vpo in the strength Vo of the 
orientational potential. The change 5Vo is then 
the coefficient of —2 cos?@ in London’s potential 
averaged with respect to ¢ and ¢’ and summed 
over all occupied neighboring cages with the 
appropriate A, B, B’, C parameters defined below 
and an appropriate 6’ value for each molecular 
pair in the sum. The expression for 5V9 is con- 
veniently written in the form 
8Vo = >[}(—A+7B+B'—7C)+ 

+ 2(A—B-—B’+C) cos?@’]R-6+ 

+ >[3(44-7B—4B'+7C)— 
— 45(4 — B— B'+C)cos?6’]R6 sin? + 
+ >[22(A—B-B’+C)(3 cos?6’—1)] x 
x R$ sinty (9) 


where 


A= 


B 


(10) 


are the parameters defined by London which in- 
volve anisotropic polarizability and effective fre- 
quency parameters « and v of the two interacting 
molecules (A is Planck’s constant). The remaining 
terms of London’s potential formula not repre- 
sented in equation (9) are assumed not to affect 
the orientational motion of the resonating molecule; 
their presence would only shift the zero of rotational 
energy in this approximation. 

The contribution to 6Vo from a neighboring Ne 
molecule trapped at various distances from the 


resonating molecule is given in Table 2. The con- 
tribution of a nearest neighbor far outweighs the 
rest on account of the inverse sixth power de- 
pendence on distance. Also, cancellations are 
important in decreasing the average effect from 
more distant neighbors. Thus, assuming for the 
moment that the neighboring cages are all occu- 
pied by Ne molecules, the negative contribution 
—0:252°K to 5Vo from the twelve second and 
third nearest neighbors is half cancelled by the 
contribution +0-128°K from the fourth nearest 
neighbors. ‘The effect from more distant neighbors 
is quite negligible. Thus, the non-nearest neighbor 
part of 65Vo is on the average less than 
—0-124/4-10 = —0-03 of a nearest neighbor 
Table 2. Contributions to 5Vo from the neighboring 
Ne molecules. Contributions to 5Vo from a nitrogen 
molecule trapped in a <n ngng>» type site is given for 
all sites neighboring the resonating molecule within a 
radius of 16-6 A. The position of the nj nz ng site with 
respect to the site of the resonating molecule is given 
by Ryn = ny G\+N2 A2+n3 G3, where aj, a2 and ag 
are primitive cell vectors of the trigonal lattice. The 
second and third columns give the number of equiv- 
alent sites of type <n nz ng> and their distance 
from the resonating molecule. 


<nin2Nn3 > OV o(°K) 


4-10 
0-024 
—()-018 
+. ()-(64 
0-002 
+0-0003 
+-O-0015 
+0-0056 
0-0009 


part. Whereas the nearest neighbors produce a re- 
solved spectrum of three lines, the remaining 
neighbors only broaden these lines by a negligible 
fraction of the observed line width. In the re- 
mainder of this section we consider only nearest 
neighbor contributions to 8V». Deviations from 
the values in Table 2, due to nearest neighbor Og 
molecules in place of Nz molecules, are ignored on 
account of the smallness of the Oe concentration. 

The contribution of a nearest neighbor to 6Vo 
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Table 3. Contribution to 5Vo from various nearest neighbor molecules. The rows refer to resonating molecules 
and the columns to neighboring molecules. 5V is in units of °K. The polarizabilities quoted by LONDON“) 
and the isotropic effective frequences quoted by LONDON"*) were used in computing 5Vo. The effective 
values of 6’ were taken to be 0’ = 23-1° for Ov, corresponding to Do = 4-36°K, and 6’ = 15-7° for Na, 


derived from the nuclear electric quadrupole resonance data.‘®) 


Resonating 
molecule 


Neighbor molecule 














is given in Table 3 for various types of neighboring 
molecules. Values for Ne as the resonating mole- 
cule are included for possible use in connection 
with nuclear electric quadrupole experiments. It 1s 
interesting to observe that the 6Vo’s for Og reson- 
ance and for Ng and Og neighbors are larger by 
factors 1-52 and 1-59 than they would be if these 
neighbors were able to rotate freely. 

The parameter D’ is related via <cos?™>ay, to 
Vo by equation (2). We simplify this by using the 
relation 

h? 1 /: 
q (11) 


<1—cos26> = 2 


az 


valid in the harmonic oscillator approximation 
for the ground level of the hindered rotator, and 


obtain 
D' = Dii—(y/Vo)!?] 

bVo . 
~alTe!* 


5 /8Vo\3 


16 ( Voo 


= 


(12’) 


where y = (3/4)?(h?/J) and Do = D[1 —(y/Voo)/?]; 
y/k = 2-32°K for Oo and y/k = 3-18°K for No. 
Use of the harmonic oscillator approximation for 
the ground level is justified by Meyer et al.) 

The contribution to 6Vo is the same from each 
nearest neighbor, so that the fine structure in- 
tervals Dj;—D and D3—D; would be equal if 
D' were linearly related to Vp. Values of Di—Ds, 
D2—D)y, and their ratio, computed using equation 
(12) are given in Table 4 for several types of nearest 


neighbors of the resonating O2g molecule. The 
values in the Ng column may be compared with 
the resonance experiment values D,—Do = 
0-127+0-01°K, D2—D, = 0-09440-01°K and 
(D:—D})/(Di—Do) = 0-74. Although the cal- 
culated and experimental values are given to two 
significant figures for convenience in presentation, 
the precision warrants only one. The ratios are 
seen to be in good agreement, and the intervals 
agree in sign, but the magnitudes of the calculated 
intervals are small by a factor of 2. 

We are inclined to regard the discrepancy be- 
tween the calculated and experimental fine 
structure intervals as arising from the approxi- 
mations of the London theory rather than as 
evidence against our model. Discrepancies of this 
order are common for applications of the London 
theory. 8) Although errors in the theoretical values 
due to inaccuracies in the dispersion theory para- 
meters may be appreciable, they probably do not 
account entirely for the discrepancy. ‘The indirect 
part of the interaction, which we have neglected, 
probably makes a significant contribution. An 
estimate of the magnitude of the third order per- 
turbation theory contributions to the indirect part 
of the interaction, made by using equation (1.12) of 
KiHara"4), gives a (repulsive) contribution of the 
same order of magnitude as the contribution of 
the direct part of the interaction, although some- 
what smaller. This suggests that fourth and higher 
order perturbation theory contributions may be 
important, and that an alternative approach is 
needed if more accurate calculation of the mole- 
cular interaction is desired. 

If the direct part of the interaction among mole- 
cules is assumed to contribute the same fraction 
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Table 4. Calculated fine structure intervals for trapped Oz spin resonance. The fine structure intervals 


are given in °K as computed using equation (12) with Voo = 44-0°K corresponding to Do 
= Voo +26Vo. The 5Vo values are taken from Table 3. 


Voo 


4-36°K, 








Vo. = 


Neighbor molecule 





Oz 





0-051 
0-046 


0-057 
0-050 


0°88 


to the whole interaction and any errors in the dis- 
persion theory parameters are in the same direction 
when different neighbor molecules are substituted, 
the model can be further tested by other spin 
resonance experiments. Dilute O2 in A and dilute 
Oz in Xe f-quinol are favorable cases. The fine 
structure intervals should be resolved in both 
cases, according to Table 4, and the expected 
intervals bracket the No intervals. Because A and 
Xe are spherically symmetric, we do not require 
orientation data such as was required for the Ne 


molecules (see equation 9), Paramagnetic resonance 
experiments with these rare gas clathrates are 


planned. 

The success of resonance experiments with 
dilute Og trapped in f-quinol clathrate suggests 
that similar experiments with dilute Og trapped in 
other types of clathrates, such as gas hydrates, \ 
may be of interest. 


C. Spin-lattice relaxation time 

In principle the pulsed field measurements can 
be employed for measurements of the spin-lattice 
relaxation time 7}. If, for instance, 7; is long com- 
pared to the half-period of the pulsed field, 7’), the 
zero-field population difference would be main- 
tained unless cross-relaxation">) or mixing at the 
cross-over point occurred. If H could be oriented 
exactly along the c-axis, intensity measurements 
of the transitions between the M; = 0 and M, = 
—1 levels would permit estimates of 7; at high 
field to be made. Attempts to carry out such 
experiments with the Oe clathrates were not 
successful. 

As mentioned in Section III B, a transition was 


| 


Ne A 


0-071 
0-061 





0-049 
0-044 


0-036 
0-033 


0-011 
0-010 


0-95 0-92 0-90 0°85 


observed at about 15 kG which was identified as a 
|AM;| = 2 transition (f in Fig. 1). This identifica- 
tion was based on the following results: (a) the 
transition has not been observed for H parallel to 
the c-axis in dilute or concentrated Og clathrates, 
as would be predicted by a spin Hamiltonian with 
only a D’ term; (b) the orientation of the crystal can 
be estimated from the |AM;| = 1 transitions and 
again it is apparent that H is not aligned along the 
c-axis; (c) the intensity of the |AM,;| = 2 transition 
is appreciable, but it decreases with decreasing 
temperature. Although absolute intensity measure- 
ments were not feasible with the pulsed field 
techniques employed here, comparisons of the 
ratios of intensities with the |AM,| = 1 transitions 
could be obtained during the same pulsed field 
sweep, so that numerous experimental errors 
could be minimized. Rather large changes of in- 
tensities could be seen when the temperature was 
varied from 4:2°K to 1-5°K D’ was 
slightly greater than 4°K. Based on the identifica- 
tion of the |AM;| = 2 transition, an upper limit 
of 7, has been estimated. A summary of this 


because 


approach is given below. 

First we consider the extreme case of 7) > Tp. 
In this case, at H = 0 the population difference 
between the M; = +1 and —1 levels will be very 
small if |E|] <D and will be zero if E = 0; thus 
transitions such as e or f in Fig. 1 would not be 
observable for any orientation. The other extreme 
case, 7;<T'p, of course does permit such trans- 
itions to be observed under proper circumstances. 
Calculations of population differences for 7; = 0 
have been made as a function of H and temperature 
to examine the expected intensity variations when 
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H is parallel to the c-axis. For all transitions the 
population differences change very rapidly when 
D'/2 < gBH < 3D'/2. 

Two comparisons with experiment are shown in 
Table 5. R(T) is the ratio at temperature T of the 
peak intensity of the a transition to that of the f 
transition, and Ro(T) is the ratio of the peak in- 
tensity of the a to that of the 6 transition at tem- 
perature T. The calculated ratios of population 
differences at the given temperatures and reson- 
ance fields are also indicated for the case 7; = 0, 
H parallel to the c-axis, and D’ = 33kG. The 


agreement is within the experimental error. 


Table 5. Comparison of measured and calculated 
intensity ratios, Ri(T’) and Ro(T), assuming T; = 0 
and J)’ 33 kG. The calculated ratio R;(4-2°K) 


R,(1-5°K) assumes that the transition probabilities 
are independent of T, and the calculated ratios Ro(T) 
assume that the transition probabilities are inde- 


pendent of H and T. 


Ratio Measured Calculated 


Ri(4-2°K)/Ri(1°5°K) “5 0-42 
Ro(4-2°K) . 0-8 
Re(1-5°K) ‘0 +0: 1-0 


In principle 7) could be estimated from such 
data if 7’, could be varied over a wide range. This 
was not convenient. Instead, the shortest time 
interval between the | AM/,;| = 1 and that identified 
as a |[AM, 2 transition was examined, in this 
case the time interval between ag and f2 in Fig. 
5. From this time interval and the relative inten- 
sities a limit of 7) < 50sec at 1-5°K was esti- 
mated. 

At first glance it might appear that the spin- 
lattice relaxation time should be long because the 
spins are not directly coupled to the lattice; the 
molecule is only weakly bound to the cage by van 
der Waals forces. The coupling of the spin to the 
lattice probably comes about via coupling of the 
spin to the molecule which in turn is coupled to the 
lattice by the surrounding cage which hinders free 
molecular rotation. The rotational motion of the 
Oz molecule may be compared to the orbital 
motion of an electron of a paramagnetic ion for 
purposes of discussion of 7}. In the clathrate the 
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rotational motion is not nearly so well quenched 
as is the orbital electronic motion of a typical 3d 
group transition metal ion, i.e. the cage potential 
acting on the Og molecule is much smaller than the 
corresponding crystalline potential acting on the 
paramagnetic ion. This suggests that the coupling 
of the Og spin to the lattice may be strong, and 7; 
may be correspondingly short. 

One puzzling feature of the |AMs| = 2 transi- 
tion is the great broadness of the line, whereas it 
would appear that a sharp line should be seen be- 
cause d(hv)/dH (where hv is the separation between 
energy levels) is larger for the |AMs| = 2 transition 
than for the AM; = 1 line. The resolution may be 
partially degraded by the rapidly increasing popul- 
ation differences which occur during the field 
sweep for this transition. The |AMs| = 1 (a and d) 
transitions at 70 kMc/s are not expected to show 
appreciable intensity changes due to population 
changes, but the intensity of the |AMs| = 2 (f) 
transition is sensitive to small field changes because 
these populations are changing rapidly. In general, 
analysis of relative intensities of widely spaced 
lines requires that population differences as a 
function of magnetic field be considered, par- 
ticularly when D’ > kT. If the field sweep rate is 
comparable to 1/7}, estimates of 7; can be made. 
This has not been attempted here. 


E. Status of concentrated clathrate data 

The intensity measurements were decisive for 
analysis of the dilute Oz clathrate results. In con- 
trast, the limited resolution of the concentrated 
Oz resonance data, and the non-reproducibility 
of the intensity patterns for crystals from the same 
batch, did not permit detailed analysis of the com- 
plex spectra. Many mechanisms may contribute 
to the line broadening and fine structure. These 
include dipolar and exchange interactions between 
Oz molecules, and coupling of translational and 
rotational motion of a molecule in a given cage to 
the lattice and to other molecules. To examine any 
of these mechanisms, intensity measurements as a 
function of temperature and concentration are 
essential. The most reasonable approach appears 
to be resonance experiments with increasing con- 
centrations of Os in the clathrate, but with 
sufficiently dilute Oz so that only neighbor pairs 
and triples are present with appreciable proba- 
bility. In this way, if a resolved spectrum is found, 
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it may be possible to determine which mechanisms 
are important. 

The nuclear electric quadrupole resonance 
experiments of MEYER and Scott’), made with 
concentrated Ng clathrates, showed a complex 
structure which might be compared with the Og 
data. At present we are not able to correlate this 
data with the dilute Oz data. In particular, the in- 
tensity variation of the NQR data with Ne concen- 
tration is not understood. Experiments with dilute 
Nz samples may be required before a detailed 
comparison can be made. 


SUMMARY 

The paramagnetic resonance of Oz in f-quinol 
clathrate is consistent with the hindered rotation 
model developed earlier by MEYER et al. 4) to explain 
the static susceptibility. The resolved spectrum 
for Og in Ng f-quinol clathrate demonstrated that 
the value of D’ for each Og was directly related to 
occupancy of the nearest neighbor cages, and that 
three types of cages were present. A major con- 
tribution to the different D’ values can be attributed 
der Waals interaction between 


to direct van 


neighboring trapped molecules. The results of 


these resonance experiments suggests related 


experiments for study of trapped molecules in 
their lowest hindered rotation states. 
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Abstract 


Single crystals, dendrites, and crystalline films of bismuth trisulfide, BieS3, have been 


prepared and studied. From the films a thermal energy gap of 0-72 eV is found, in the range 300- 
400°K. From the single crystals, optical energy gaps of 1-4 eV at 77°K, and 1:2 eV at 300°K, are 
found; and resistivity, carrier concentration and mobility at 300°K are 0-85 ohm cm, 3 X10!? cm=$ 
and 50 cm?/volt sec, respectively. Thermal conductivity and Seebeck coefficient are found to be 


0:0206 W/cm°C, 


and 550uV/°C, for single crystal samples in a direction parallel to the principal 


cleavage planes at 300°K. Preparation techniques, and the apparatus used in the thermal conductiv- 


ity and Seebeck coefficient measurements, are described. 


INTRODUCTION 

THE PRODUCTION of single crystals of bismuth 
trisulfide BigSs, is made difficult by the high vapor 
pressure of sulfur above the melting point of bis- 
muth trisulfide and the fact that this compound 
disassociates upon being melted at atmospheric 
pressure. Nevertheless, it has been possible to 
develop techniques for producing single crystals 
and whiskers, and they are described in detail. 

It may be noted that various authors disagree in 
their published results on the semiconducting 


properties of BioS3.~4 


EXPERIMENTAL 
Sample preparation: 

The constituents are weighed out in stoichio- 
metric proportions and put into a Vycor (96 per 
cent silica) tube, which is then evacuated and 
sealed. The constituents are reacted and the com- 
pound is melted in a special furnace, constructed 
so that the sample tube rotates continuously during 
melting to aid in mixing, and to insure a uniform 
temperature. The furnace can be tilted about a 

* Supported by the Air Force Office of Scientific 
Research. 

+ Now at the Bandung 
Bandung, Indonesia. 

t On from the 
University, Mississippi. 


Institute of Technology, 


leave University of Mississippi, 


horizontal axis; single crystals are produced by 
tilting the furnace 90° while the sample is molten, 
and letting the sample, still in the Vycor tube, be 
dropped from the melting zone at a rate of about 
6in. day by clockwork. The space above the melt fills 
with sulfur vapor leaving behind a corresponding 
excess of bismuth, but this causes no difficulty; the 
large difference between the melting point of bis- 
muth trisulfide (850°C) and bismuth (271°C) 
insures that excess bismuth will freeze out as a 


separate phase at the top of the melt as the sample 


crystallizes. 

It is found that if the temperature is symmetric 
about the sample tube, and the temperature 
gradient is parallel to the axis of the tube as it is 
lowered from the melting zone, the crystal grows 
with its principal cleavage planes parallel to the 
axis of the tube; if the temperature distribution is 
asymmetric about the tube or if the gradient is 
skewed the crystal grows with its cleavage planes 
inclined to the axis of the tube. Using the pro- 
cedure outlined, BigS3 single crystals a centimeter 
or more in diameter, and several centimeters long 
can be grown. They are brittle and tend to shatter 
when machine cut, but may be easily cleaved. 

For a certain limited range of values of the 
temperature gradient within the furnace, whiskers 
or dendrites of BigSs grow from the vapor phase 
as the sample is lowered from the melting zone. 
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These dendrites are ribbon-shaped, approximately 
0-1 mm x 0-01 mm, and as much as 40 mm long. 
They are very regular, flexible, may be easily 
cleaved parallel to their long axis, and are probably 
single crystals. That these crystals are exactly of 
stoichiometric proportion cannot be assumed. 
Because the crystalline samples have a resistivity 
too low for satisfactory resistance vs. temperature 
studies, polycrystalline films of BigSg were pre- 
pared as follows: Films of metallic bismuth were 
deposited on glass substrates and heated in a sulfur 
atmosphere for about 24 hours. The resulting 
films apparently contain no free bismuth and have 


a high resistivity. 


MEASUREMENTS 
(a) Thermal energy gap from films: 

The films are prepared for study using silver 
paste electrodes and nichrome lead-wires, they are 
put into a controlled furnace and a heating—cooling 
cycle is run, the temperature changing at about 
5°C/min. The resulting change of resistance with 
temperature is plotted by an Autograf x-y recorder. 
It is found that after a few heating—cooling cycles 
the curves become quite reproducible. Fig. 1 shows 
a typical curve obtained in this manner. 

Measurements on a series of these curves gives 
a thermal energy gap Ey, , of 0-72 +0-05 eV in the 
range 300-400°K. This value agrees well with that 
obtained by Konorov®) on sintered samples from 
resistance vs. temperature measurements in this 
range. 

(b) Hall constants for single crystals: 

Samples having dimensions of about 0-1 cm x 
0-1 cm x 1 cm are cleaved from the larger crystals 
for Hall and resistivity measurements. Electrical 
contact is made by melting a small lead bead in the 
V of a current carrying nichrome wire until the 
oxide layer has disappeared, and then touching the 
lead droplet to the surface of the sample. The 
resulting contact is ohmic, physically strong, and 
small wires may be soldered to it. 

Resistivity and Hall measurements are made 
using apparatus built after the ideas of DAUPHINEE 
and Moossr®). The average resistivity from a 
series of these samples is 0-85+0-05 ohm cm at 
300°K. This value is somewhat higher than that 
given by BLAck™) but in agreement with the pre- 
dictions of Mooser and PEarson). Resistivities 
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are found to be a factor of five to ten higher on 
polycrystalline samples prepared after the method 
of BLACK, and seem to be dependent on the degree 
of crystallization. 

Results from the Hall measurement are not very 
consistent due to noise difficulties. The mean 
Temperature in Kelvin 


360 


Degrees 


380 





340 
mM 


Megohms 


in 


Resistance 


28 
(1000 )o 
T 
Resistance as a function of temperature for a 
polycrystalline film of BieS3. 


Fic. 1. 


carrier concentration turns out to be about 3 x 10!” 
cm~’, Mobility is 50 cm?/V sec at 300°K. These 
values agree with what would be expected when 
the resistivity difference between the present 
samples and those of BLACK is taken into account; 
his samples had higher carrier concentrations and 
mobilities and a correspondingly lower resistivity. 


(c) Optical transmission: 

For optical transmission measurements samples 
of BigS3 having thicknesses from 0-1 to 0-5 mm are 
cleaved from large single crystals. Fig. 2 shows the 
optical transmission at 300°K for a typical sample, 
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0-3mm _ thick, perpendicular to the cleavage 
planes, as measured on a Cary model 14 spectro- 
photometer. Fig. 3 shows the absorption edge for 
this sample at 77°K and at 300°K giving an optical 
energy gap of 1-4 eV at 77°K and 1-2 eV at 300°K. 


This is an apparent temperature dependence of 


8 x 10-4 eV/C this 


assuming a linear variation. Samples 0-1 mm 


over temperature range, 


ele \ rons 


Fic. 2. Optical transmission for single crystal BigS3 at 


300°K. 


thick show no measurable infrared transmission in 
the 2-0-15 Perkin 


spectrophotometer. 


range microns on a Elmer 


(d) Thermal conductivity and Seebeck coefficients : 
The Seebeck 
coefficient S, of small cylindrical samples of single 


crystal bismuth trisulfide are measured with the 


thermal conductivity AK, and 


apparatus shown in Fig. 4 which is designed for 
use with samples that are limited in size (small 
solid cvlinders) and which at the same time have a 
low A comparison 


very thermal conductivity. 


method, in which the conductivity of the unknown 
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is compared to the conductivity of a standard 
material is employed. ‘’:8) The unknown sample is 
in series with a standard sample and the two are put 
between a heat source and a heat sink. Sample 
faces are machined and lapped. A thin layer of 
vacuum grease heavily impregnated with copper 
powder insures low thermal resistance at the three 


interfaces. 





nt .) ft cit 
p a vensi 


7 


Optical absorption edge for single crystal 
BieS3, at 77°K and 300°K. 


‘Temperature differences 7;— 72 and T2— 73 are 
determined at thermal equilibrium by means of 
thermocouples placed at the three interfaces. The 
thermal conductivity K, of the unknown sample is 
then given by 


Ki «ih AlT, ~ToilighAtic~ Fa 


Here the subscript s refers to the standard, and u 
to the unknown sample with JT being the tem- 
perature, L the length, and A the cross sectional 
area. 

Since it is better to use a standard having a 
thermal conductivity comparable to that of the 
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unknown, bismuth metal was chosen. This has a 
thermal conductivity of 0-09426 W/cm °C for 
single crystals in the direction parallel to the 
cleavage planes, according to NisHoIKA\), 
runs on polycrystalline bismuth, polycrystalline 
antimony and nearly stoichiometric m- and p-type 
bismuth telluride in the place of the unknown 


Test 


sample, gave results which agree with those re- 


ported for these compounds. 9.19.11) 
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Fic. 4. Apparatus used for measuring the thermal con- 
ductivity and Seebeck coefficient of BigSs3. 


The mean value of thermal conductivity for 


seven bismuth trisulfide samples, is 0-02064 
0-0005 W/cm C°. These measurements were made 
at 300°K with the thermal gradient parallel to the 


cleavage planes. 


Seebeck coefficient studies are made on single 


crystals of BigSg3 using the apparatus shown in Fig. 


4, with the copper wafer containing thermocouple 


Ts and the standard removed. The Seebeck 
coefficient S, measured at the average tempera- 


ture 7'4 is given by 


S = E;/AT 
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and 

T'4 = (11+ Ts)/2 
where £; is the Seebeck voltage established by the 
temperature difference AT between the source and 
sink. The Seebeck and temperature 
difference are obtained simultaneously. 

Horne") has given a criterion for the reliability 
of Seebeck coefficient measuring apparatus; a plot 
of Seebeck voltage vs. temperature difference 
giving a straight line through the origin, identifies a 


voltage 


properly functioning device. The apparatus meets 
this requirement. 

The Seebeck coefficient for single crystal BigS3 
samples, measured at 300°K has an average value 
of 550 nV/°C +50 wV/°C when the thermal gradi- 
ient is parallel to the cleavage planes. Preliminary 
investigations indicate that the Seebeck coefficient 
is not appreciably different in a direction per- 
pendicular to the cleavage planes. Polycrystalline 
samples have a Seebeck coefficient ranging from 
700-850 pV/°C degree of 
crystallization. These results on the polycrystalline 
) 


depending on the 


samples agree with those given by BLAcK et al." 
on polycrystalline samples but are lower than the 
findings of Konorov"? for sintered samples. 
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Abstract—Enthalpies and entropies of vacancy formation and diffusion have been calculated for 
elements having the diamond structure. In the calculations, the potential between nearest neighbor 
atoms is assumed to have the form of the Morse function. In this fashion kinetic parameters of 
crystals are calculated by the use of properties determined from equilibrium properties. One of the 
factors facilitating calculation results from the open nature of the diamond lattice. Because of this, 
an atom, moving from its equilibrium position into a vacancy, does not pass through a geometric 
barrier as is the case for more close-packed structures. 

Calculations yield values for the enthalpies of formation of vacancies of 2:07 eV, 2:32 eV and 
4:16 eV for germanium, silicon and diamond respectively. Experimental results available for ger- 
manium yield 2-01 eV. 

Calculations of the activation enthalpies of self diffusion, assuming a vacancy mechanism, are 
3-02, 3:38 and 6:18 eV for germanium, silicon and diamond. Experimental information for ger- 
manium indicates a value of 2°98 eV. 


A. INTRODUCTION semi-empirical expressions have been used in 
ELEMENTAL semiconductors, (gray tin, germanium, calculations for crystals. For example, GrrIFALCO 
silicon and diamond) fall into a class of materials and STREETMAN!) and FurtrH®) have used a 
known as covalent crystals. The hybrid sp? bond 5-7 potential for vacancy calculations in body- 
orbitals for an atom in these materials can be centered cubic materials. DieNes®) has calculated 
thought of as overlapping with orbitals of neigh- the activation energy for diffusion in graphite by 
boring atoms forming a classical two-electron bond. use of a Born—Mayer potential for the repulsive 
As a result these crystals can be fruitfully con- term and a van der Waals interaction for the attrac- 
sidered as consisting of a regular array of atoms tive term. KANzaAk1") has used a 6-10 potential for 
held together by classical covalent bonds. This face-centered cubic materials. One form which has 
picture implies that as far as the energetics of the had considerable success is the Morse function. °-) 
lattice is concerned, an atom is influenced primarily According to this expression the enthalpy, AH, 
by its nearest neighbors. As is well known, the expended in increasing the distance between two 
covalent bond approach has had considerable nearest neighbors from the equilibrium value 


success in organic chemistry research but has not do to d is 


been used extensively in solid state research. The 
: : ; AH = D{1+exp[—2«(d—dpo)]— 
purpose of the present paper is to use the covalent 
bond approach for obtaining kinetic parameters. —2 exp[—a«(d—do)]} (1) 
In order to perform the calculations, it is 


where D represents the energy of dissociation of a 
function of separation of atoms in a crystal. Several covalent bond (obtainable from the heat of sub- 

; = i limation) and « is related to the second derivative 
* Research sponsored by the Office of Naval Research. Of the enthalpy vs. distance curve. Values of « 
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necessary to have an expression for the energy as a 
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for most elements can be obtained from force 
constant data of Waser and Pau.inc"). The 
relation as derived by SWALIN®) is 
k \1/2 
— (— 
2D 

where k is the force constant of the bond derived 
from compressibility data. 


(2) 


B. THE ENTHALPY OF VACANCY FORMATION 

The enthalpy of formation of a vacancy in a 
perfect lattice can be thought of as consisting of 
two parts (a) the enthalpy expended in removing 
an atom from the interior of a crystal and de- 
positing it on the surface and (b) the enthalpy 
gained by the relaxation of neighbors surrounding 
the vacancy. The contribution to the enthalpy 
of vacancy formation from (a) consists of the 
dissociation of Z bonds (where Z is the coordina- 
tion number) in order to remove the atom from the 
interior of the crystal to a distance of infinity and 
the formation of Z/2 bonds upon transferring 
the atom from infinity to the surface of the crystal. 
Thus the net cost is equal to 4ZD. 


In Fig. 1(a) is shown a segment of the diamond 
structure and Fig. 1(b) shows schematically a 
lattice site after removal of an atom. It is seen that 
four unshared valence electrons are left as a result 
of the removal. According to chemical theory, one 
would expect a considerable reduction of energy 
if these four electrons arrange themselves so as to 
form two covalent bonds satisfying the require- 
ment that each atom in the crystal has no more than 
four bonds. 'To accomplish this, bonds will have 
to form between atoms in next-nearest neighbor 
positions. Thus, not considering any relaxations, 
upon formation of a vacancy, we have broken 
4Z or 2 bonds having an energy of D and formed 
two high energy bonds with a length of 1-64 do. 

More energy could possibly be gained by allow- 
ing these two new bonds to shorten. To do this, 
however, will result in an increased separation 
between atoms in next nearest positions from the 
vacancy. Therefore, an optimum relaxation can 
be obtained. Let us consider for the purpose of 
illustration that the two covalent bonds form 
between d and g and between e and f respectively 
in Fig. 1(b). (Since these atoms are all in equivalent 
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Fic. 1. (a) Arrangement of atoms in the diamond lattice. 


(6) Unrelaxed vacancy. 


(c) Vacancy after relaxation has occurred. 
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positions with respect to the vacancy, the two 
bonds can be distributed in several equivalent 
positions.) In order to lower the energy of the 
vacancy, atoms d and g will relax toward one 
another. The same will be true of e and f. As a 
result of this relaxation second nearest neighbor 
bonds will be elongated. Calculations as well as 
examination of the diamond lattice indicate that 
the lattice bonds will be least disrupted if d rotates 
about b and c, keeping the interatomic distance 
constant. In like fashion g will move toward d by 
rotating about two of its neighbors not shown on 
the diagram. The same will be true of e and f. 
Thus the relaxation will result in the elongation 
of four second nearest neighbor bonds instead of 
twelve. Instead of forcing all the distortion to 
occur in the second nearest neighbor bonds, it 
should be distributed throughout several shells. 
Since each of the four second nearest neighbor 
bonds is with three third 
neighbor bonds, a total of 12 third nearest neighbor 
bonds will be affected. Similar reasoning yields 


connected nearest 


36 fourth nearest neighbor bonds, 108 fifth nearest 
9 


neighbor, etc. yielding the relationship 4x 3-2) 
atoms affected where m is the number of the shell. 

In order to facilitate calculations, it will be as- 
sumed that the strain persists out to the seventh 
nearest neighbor and further that the strain follows 
a geometric pattern. That is to say, the strain, e, 
of the second nearest neighbor will be considered 
to be twice that of third nearest neighbor bond, 
the strain of the third nearest neighbor is twice 
that of the fourth nearest neighbor, etc. Thus, 
twelve 


third nearest neighbor bonds are strained €9/2, 


four bonds are strained an amount eo, 
etc. Using a Morse function coupled with the 


previous statements, we obtain the following 
equation for the strain energy due to relaxation 


of the nearest neighbors around the vacancy 


AHy= "4x3 ”D {1 


+ exp 


) 


€ 
—2exp | - x| 
Jn 


The quantity e2 is related to the inward relaxation 
X of nearest neighbors in the following fashion: 
the elongation of the second nearest neighbors e 
reduces the strain from X to (X—e2) which has 
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to be taken care of by the third, fourth, fifth, and 
sixth neighbor bonds. These bonds, however, by 
virtue of their geometric relation to one another 
will increase the relaxation in proportion to about 
twice their change of dimension. Thus, a strain 
eo/2 in the third neighbor shell will be effective to 


the extent of «2 etc., yielding 


X 


a 


Equation (5) yields a positive AHz. The negative 


—2 exp | —« 


| (2-88)2 


enthalpy due to relaxation of the two nearest 
neighbor bonds from 1-64 do to (1-64 do — 2x) is 


AH3 = 2D{exp [ —2«(0-64 dp —2X)] — 
— 2 exp[—«(0-64d)—2X)] (6) 


The variable X will be the value which will cause 
the sum of AH»s and AH3 to be a minimum. Using 
values of « and do for germanium, silicon and dia- 
mond, it is found graphically that the sum AH» 
and AHs reaches a minimum when X has values 
such as to make the distance between d and g and 
between e and f diminish from 1-64 dp to 1:16 do. 
This results in the second nearest neighbor bonds 
such as a—d having a length of 1-08 do. This situa- 
tion is shown in Fig. 1(c). 

The enthalpy for formation of a vacancy, AH, 
is given by 


AH, = AH; +(AH2+AHs3) (7) 


AH, represents the enthalpy expended in moving 
the atom from the interior to the surface and (AH2 
+ AHs3) represents the enthalpy gained by relaxa- 
tion and new bond formation around the vacancy. 

In Table 1 are shown the values of AHy, (AH2 
+AHs3), and AH, for germanium, silicon and 
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Table 1. Calculations of the enthalpy of formation of a vacancy for germanium, silicon and diamond 


a(A-1) 


1°50 


Element 


do(A) 


56 


1 
Diamond 2°30 


diamond along with values of «, dp, and D used in 
the calculations. Values of D, the single bond 
energy, and do were taken from Ref. (8) and « 
was computed from equation (2), using the k 
values of Ref. (6). 

Thus using the approach presented in this paper, 
enthalpies of vacancy formation of 2-07 eV, 2-32 
and 4:16 eV are obtained for germanium, silicon 
and diamond respectively. No experimental values 
of this quantity are available for silicon and dia- 
mond but made for 
germanium. Quenching experiments performed 
by Maysurc"9) yield AH, = 2-01 eV and those 
of LoGaN") yield 2 eV. The value obtained from 
the theory is quite close. 


measurements have been 


C. THE ENTROPY OF VACANCY FORMATION 

The entropy of vacancy formation will consist 
of the following two parts: (a) an increase of vibra- 
tional amplitude of atoms surrounding the vacancy 
due to the relaxation and (b) a configurational 
entropy due to the freedom of position of the new 
bonds. The contribution due to (b) can be readily 
evaluated as shown below. 

In Fig. 1(c) it is seen that there is an uncertainty 
in position of the covalent bonds. The bond d-g 
could be between d and f or d and e with the bond 
e-f shifting to e-g and g-f respectively. ‘This we 
will call AS}. Independent of this the bond a—d 
could be between b-d or c-d. This we will call 
AS». 

Using the standard relation the configurational 
entropy AS, is given by 


AS, = >kIn W (8) 


With regard to AS; there are two bonds of the 
same type distributed in three configurations. 
Therefore 
3! 

W=—— = 3 and AS, = kln3 
2!1! 


D(eV) 


AH\(eV) 


In the second case, two bonds of length dp and 
one of length 1-08 do are distributed amongst three 
positions or 


= 3 and ASs = kin 3 


‘Therefore 
AS, = 2kIn3 = 4-4 entropy units (9) 


AS, is the same for germanium, silicon and 
diamond. In addition to this term, as mentioned, 
will be another term which has a magnitude 
dependent upon the elastic properties of the 
material. This second term is more difficult to 
calculate than AS¢. 

Comparing the calculated AS, with experi- 
mental data for germanium we find that measure- 
quenching experiments _ yield 


units“9) and 


ments from 
AS, = 3:8 entropy 
AS, from the temperature derivative of moduli 
yield 6-7 entropy units.“!) It 
therefore that the principal term in AS, is AS¢. 
Assuming therefore that AS, ~ AS,, one can 
estimate the equilibrium vacancy concentration 


estimates of 


would appear 


as a function of temperature for germanium, 
silicon, and diamond to be in terms of C,, the 
number of vacancies per cm’. 
2-07 
kT 


2-32 


Ge > Cy ~ 4-2 x 1073 exp | - 


: Cy ~ 4:6 1073 exp | - 


kT 


4-167 
Cy ~ 1-5 x 1074 exp | - 
kT 


Diamond 





D. THE ENTHALPY OF VACANCY DIFFUSION 
One of the striking features of the diamond 
structure compared with metallic structures with 
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regard to the diffusion process is the openness of 
the diamond lattice. Upon observing a lattice 
model it is clear that when an atom and a nearest 
neighbor vacancy exchange places no dilation of 
the lattice for elements having the diamond 
structure need occur. This should be contrasted 
with the close-packed metallic lattices in which the 
diffusing atom in moving to a vacancy must pass 
through a lattice constriction. This point makes 
accurate calculation of energetics difficult for 
metallic structures because of the inability to make 
detailed calculations of the strain energy at the 
saddle point. 

In contrast we will consider the process of 
diffusion in semiconductors in a fashion analogous 
to the enthalpy calculations of Section B. 

The jump process is shown in Fig. 2. In Fig. 
2(a) is shown the vacancy with nearest neighbors 
at distances calculated in Section B. Atom d 
which will be considered as the one moving into 
the vacancy has four bonds, two with a length of 
do, one with a length of 1-08 dp and one with a 
length of 1-16 do. Fig. 2(b) shows the atom halfway 
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in its jump from the initial position 1 to the final 
position 3. It is seen that the two bonds which 
originally had a length of do are increased to 1-25 
dy, the one which had a length of 1-08 do is 
increased to 1-10 dp and the one of length 1-16 do 
is decreased to 1-04 dp. The enthalpies associated 
with these changes can therefore be considered 
to represent the enthalpy of vacancy motion, 
AHm. Fig. 2(c) shows the completed jump where 
the vacancy and atom have changed places. 

AHm therefore consists of the following three 
terms; AH4, the enthalpy expended in increasing 
one bond from 1-08 do to 1-10 do, AH the enthalpy 
expended in increasing two bonds from do to 
1-25 dy and AHg the enthalpy expended in de- 
creasing one bond from 1-16 do to 1-04 do. Using 
the Morse function 


AH, = Dfexp[ ses 2a do(0- ] 0)] —2 exp[ —<& do(0-10)] — 
—exp[ — 2 do(0-08)]+ 2 exp[—« do(0-08)]} 


AHs = 2D{1 +exp[—2c do(0-25)]— 
—2 exp [ —O do(0-25)]} 





(b) 











a — nd 





Fic. 2. (a) Arrangement of vacancy and nearest neighbors in the diamond lattice. 


(b) Diffusing atom in saddlepoint position. 


(c) Crystal after exchange of atom with a vacancy. 
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AHg = D {exp [—2 do(0-04)] — 
—2 exp [—« do(0-04)] —exp [—2« do(0-16)]+ 
+2 exp [—« do(0-16)]}. 


Using the values of « and do cited in Section B we 
find the following values of AHiy, 


Ge ° AHn — 0-95 eV 
Si ° AH mn = 1 06 eV 
Diamond : AH» = 2-02 eV 


Experimentally, diffusion data have only been 
obtained for germanium. Using the activation 
enthalpy for self diffusion in germanium of 2-98 eV 
measured by Leraw et al.“?) and subtracting 
the enthalpy of formation determined by 
MaysurG"®) yields a value for AHm of 0-97 eV 
compared with the theoretical value of 0-95 eV. 

In the case of silicon, annealing of electron 
bombardment damaged crystals was associated 
with an activation enthalpy of about 1-3 eV.) 
This process is presumably concerned with vacancy 
migration. 


E. THE ENTROPY OF VACANCY DIFFUSION 

As discussed in Section C for the case of the 
entropy associated with vacancy formation, the 
entropy for migration AS» will consist of a con- 
figurational term and a vibrational term. Proceed- 
ing as in the preceding case, we will calculate the 
configurational part and assume that most of the 
total is associated with this term. 

From Fig. 2(b), it is seen that the configuration 
has five bonds associated with it, four between the 
diffusing atom and its nearest neighbors and one 
between e and f. Since we have the restriction 
that only four bonds can be associated with a given 
atom, the position of the fifth bond will be de- 
termined by the placement of the other four. We 
will assume that each of the six bond sites is 
equivalent with regard to each of the four bonds. 
In this fashion 


6! 
= 180 


W=—___— 
2N1 1112! 


and 
AS, = k In 180 = 10+3 entropy units. 


In order to calculate the entropy of activation, 
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from this quantity must be subtracted the entropy 
of the atom in its equilibrium position prior to 
jumping. This is equal to the entropy of vacancy 
formation and therefore the configuration entropy 
associated with the jump process is 


(10) 


This is to be compared with the value of AS, = 12 
for germanium calculated in Ref. (11) using ex- 
perimental self-diffusion data and equilibrium 
vacancy concentration determined by MaysurG"®). 
It appears that the vibrational contribution to 
ASm is important. 


ASm = 10-3 —4-4 = 5-9 entropy units 


F. ACTIVATION ENTHALPIES AND ENTROPIES 
FOR SELF-DIFFUSION 
Assuming a vacancy mechanism for self- 
diffusion, the activation energy for self-diffusion is 
given by the well known expression 


QO = AH,+AHm (11) 


and ASp, the entropy of activation 


ASp = ASy+ASm (12) 


As seen in the last sections the change in con- 
figurational entropy associated with the rearrange- 
ment of bonds after creation of a vacancy counts 
for virtually the entire term AS,, suggesting a 
rather small vibrational contribution. On the other 
hand, the configurational contribution to AS» 
accounts for only half of the experimental value for 
germanium. Since it may be of some interest to 
have approximate values of the self-diffusion con- 
stant for silicon and diamond in which cases 
experimental values do not exist, we will assume 
ASm = 2AS¢_ as calculated from equation (10) 
based on results for germanium. ‘Therefore, 
applying equation (12) we find that ASp = 16-4 
entropy units. 

The self-diffusion coefficient D is found ex- 
perimentally to be given by 

D = Do exp[—Q/kT] (13) 


where Dp is the frequency factor. Assuming diffu- 
sion to be a random walk process it is found for 


the diamond lattice that 
Do = 4 fa? v exp [ASp/k] (14) 


where a is the lattice parameter, v is the Debye 
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Table 2. Calculated values of Do and Q for self-diffusion 


a(A) 


Element 


Germanium 
Silicon 
Diamond 


frequency and f is the correlation factor equal to 
3 for the present case.“®) In Table 2 are listed 
calculated values of Do and O for the elements of 
interest. Standard values of a and v given in Refs. 
(14) and (15). 

As discussed earlier no direct experimental 
available for silicon. 


self-diffusion results are 


Several measurements have been made of im- 
purity diffusion, however. The activation en- 
thalpies obtained for substitutional impurities 
vary between about 3-47 eV and 4-65 eV and Do 
has been found to vary between 0-32 and 1031 
cm2/sec. Our calculated value of 3-38 eV for the 
activation enthalpy of self-diffusion is consistent 


with these experiments although on the lower side. 


G. CONCLUSIONS 
The calculations presented in the previous 
section using the Morse function, indicate that 
this approach can yield rather good results for 
the case of covalent crystals. These calculations 
that 
concepts of chemical structure which have been 


suggest considerations involving elemental 


so fruitfully applied to equilibrium properties of 


crystals can also be successfully used for calculation 


of kinetic properties. 
In principle, therefore, one should be able to 
extend this approach so as to obtain enthalpies of 


v X 10-12(sec—) 


Do(cm?/sec) 








formation of higher order defects such as di- 
vacancies and also their enthalpies of motion. 
Such 


future. 


calculations will be performed in the 
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Abstract—Two semiconducting (Type IIb) diamonds were examined for some of their optical 
and electrical properties. The energies of the extra absorption bands in the infrared typical to Type 
IIb specimens were found to fit very well the thermal activation energies obtained both from the 
dark conductivity and the thermoluminescence. The experiments indicate discrete levels of 0°21, 
0-30, 0:37, 0:52 and about 0-7 eV above the valence band. 

Nearly the same spectral distribution was found for the u.v. excited luminescence, the electro- 
luminescence, and the thermoluminescence, all having their main maximum at about 0°48 py. 

Excitation spectra for the thermoluminescence and the photoconductivity were also measured. 
Some other experiments describe the conductivity and voltaic glow curves of the same specimens. 


INTRODUCTION the conductivity and thermoluminescence. Optical 
Since the discovery of semiconducting—Type and thermal activation energies differ usually from 
IIb—diamonds by Custers"), these diamonds _ each other, so that the agreement between the two 
have been investigated by several workers. A in the present work is of special interest. 
short review of this work was given recently by 
MITCHELL”). 

In the present work two Type IIb diamonds 
were examined for some of their optical and 
electrical properties, The results obtained with 
the two specimens were almost identical, and as 
far as results of other investigations were available 
for comparison, the agreement was very good. 
This indicates that the properties of the examined 
specimens are typical for Type IIb diamonds. 

The optical measurements in the present work 
included the absorption in the u.v. and infrared, 
the luminescence, and the thermoluminescence. 
The latter has not been investigated at all (for 
Type IIb diamonds) by earlier workers, and was, 
therefore, examined now in more detail. 

Other measurements included the dark con- 
ductivity as function of temperature, the photo- 
conductivity, and current glow curves. 

Of interest in the results is the good correlation 
between the energy levels obtained from the ab- 
sorption measurements, and those obtained from 


EXPERIMENTAL 

A Beckman DK Spectrophotometer was used 
for absorption measurements between 0-2 and 
3 pw. In these, the crystal was mounted in a vacuum 
cryostat similar in construction to the one described 
previously.) Absorption at longer wavelengths 
(up to about 10) was measured at room tem- 
perature with the diamond fitted in a suitable 
holder just in front of the entrance slit of a 
Beckman IR-2 spectrophotometer equipped with 
NaCl optics. 

Glow curves were taken with the diamond 
mounted in another vacuum cryostat, which served 
also for the conductivity measurements. A 13 
stage, E.M.I. 6256B photomultiplier was used as 
detector. Amplification, recording devices, tem- 
perature measurements etc. were similar to those in 
previous work, ®) 

Thermoluminescence was excited with mono- 
chromatic light of about 20 A spectral width, 
obtained from a Hanovia type 507 C, 800 W xenon 
compact arc lamp in conjunction with a Beckman 





DU monochromator. 


* Detached from the Israel Atomic Energy Com- a ‘ 9 ; - 
[he rate of warming for obtaining the glow 


mission. 
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curves was about 15°/min throughout the present 
work. 

Thermoluminescence excitation spectra were 
obtained point by point. The constant excitation 
at all wavelengths necessary in these measure- 
ments“) was assured by changing the mono- 
chromator slit widths which were calibrated for 
this purpose. 

Spectral distribution of the light emitted during 
the glow was measured with a liquid-air cooled 
photomultiplier as described elsewhere. -®) 
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RESULTS 

(a) Absorption spectra 

The u.v. absorption spectrum was found to be 
identical with that reported by CLarK"”) for Type 
IIb diamonds. In short—at 80°K it showed a 
sharp edge at 2250 A (5-5 eV) and no absorption 
at longer wavelengths near the edge. At higher 
temperatures some structure appeared in the 
region 2250-2400 A, which grew stronger on in- 
creasing the temperature. 

In the visible there was no absorption except 
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Infrared absorption spectrum of a Type IIb diamond at room 


temperature. Arrows indicate extra absorption bands typical to Type IIb. 


Conducting silver paint made the contacts to 
the diamond. Currents were measured with a 
Keithley model 410 micro-microammeter and 
recorded on a 20 mV Speedomax recorder. This 
arrangement enabled currents of 3x10-A to 
be read. 

Weak electric fields of about 25 V/cm (with 
3-4 mm between the electrodes) were applied in 
the current glow curves and in the dark con- 
ductivity measurements. Up to about 1000 V/cm, 
however, had to be used for measuring the 
photoconductivity at liquid-air temperature. 


for a tail of a broad band in the infrared which 
extended as a weak continuum into the visible. 

Of interest is the spectrum in the infrared shown 
in Fig. 1. The bands near 3, 4, 4-6, and 5 wu are 
present in all diamonds including Type I and Type 
Ila specimens, and seem to be characteristic of the 
diamond lattice absorption.'8) Additional bands, 
however, appear in the absorption spectrum of 
Type IIb diamonds, These are indicated by arrows 
in Fig. 1. They fit well the bands reported by 
earlier investigators®10) except for the weak 
absorption at 6 « which has been omitted by the 
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Table 1. Wavelengths (in 


Wavelength () 





Energy (eV) 
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pt) and energies (in eV) of the extra infrared absorption bands in Type IIb 
diamonds. 
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Fic. 2. (a) Luminescence spectrum of a Type IIb 


diamond at 80°K on excitation with 0°36 yp. 
(b) electroluminescence spectrum at room temperature. 


earlier workers. A list of the extra bands is given 


in Table 1. 


(b) Luminescence and electroluminescence spectra 
Type IIb diamonds exhibit very weak lumin- 
escence, and Dyer and Matruews"!!) have not 
been able to indicate the existence of fluorescence 
at all in these diamonds, Nevertheless, using high 
sensitivity of the detector, and good filtration of a 
narrow band of exciting light we succeeded in 
recording the luminescence spectrum. The 0-36 yu 
exciting light was obtained from a xenon 507C 
lamp with a Hilger 246D quartz monochromator 
and a Wratten 18A filter which reduced the stray 
light. The spectrum at 80°K is shown in Fig. 2(a). 


0°364 0-345 0-305 0-206 





ELECTROLUMINESCENCE 
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150 200 250 °K 


0 

100 
Fic. 3. Dependence of electroluminescence intensity of 
a Type IIb diamond on temperature. 


It shows a broad band at 0-47 . No correction has 
been made for the change in sensitivity of the 
photomultiplier with wavelength. Exciting light 
of somewhat shorter wavelengths gave similar 
results. The low intensity of the radiation from the 
xenon lamp at shorter wavelengths, however, did 
not enable such measurements on excitation further 
in the u.v. The results at room temperature were 
similar to those at 80°K. 

The electroluminescence spectrum of the same 
specimens at room temperature is shown in Fig. 
2(b). This was obtained with a.c. of about 100 V 
peak at 50 cycles (with about 4mm between the 
electrodes). The spectrum is the same as obtained 
on excitation with u.v., with the advantage that 





300 A. HALPERIN 


disturbances by the exciting light [see to the left 
of Fig. 2(a)] do not appear now. 

The crystal did not show an even distribution 
of the electroluminescence intensity, but rather 
bright spots appeared at several points. The 
electroluminescence reduces at lower temperatures 
and nothing could be detected at 80°K. The de- 
pendance of the electroluminescence intensity on 
temperature is given in Fig. 3. 

Our results differ from those of WoLFE and 
Woops"2) who photographed the electrolumin- 
escence spectrum which was found to peak at 





at 





! 
300 500 i’ 


Fic. 4. a: Thermoluminescence of a Type IIb diamond 
excited with 2250 A 
b: (in the enclosure) the same as a but after 


Given on a reduced scale in the 


enclosure. 
partial bleaching. Two peaks at 230 and 245°K are now 


resolved 


0-44 1. We noticed visually a blue electrolumin- 
escence just on applying the electric field, but this 
turned to greenish-yellow after a short time when 
the spectrum was recorded. It seems that the 


photographed spectrum obtained by WOLFE and 
Woops included the blue component. 


(c) Thermoluminescence 
The two Type IIb diamonds examined in the 


J. NAHUM 


and 


present work gave practically identical glow curves 
with only minor differences in the relative in- 
tensities of the various peaks from one specimen 
to the other. The glow differed, however, entirely 
from that reported") for Type I diamonds. Fig. 4 
shows the glow curve of the Type IIb diamonds 
after excitation with 2250 A. A weak peak appears 
at 140°K, a very intense one at 240°K, and another 
at 350°K with a shoulder near 420°K. The glow 





024 026 


Thermoluminescence excitation for 
the 240°K peak. 


Fic. 5. spectrum 


at 240°K is given on a reduced scale in the en- 
closure to the right of Fig. 4 (curve a). On ex- 
citation followed by partial bleaching, holding the 
crystal for some time at 200°K, the glow at 240°K 
can be resolved into two peaks—at 230 and 245°K 
as shown in Fig. 4b (in the enclosure). On 
excitation at room temperature there appears also 
a peak at 500-550°K, which is the region where 
the main peak of Type I diamonds appears.) 
The excitation spectrum for the glow peaks of 
the examined diamonds is given in Fig. 5. It 
shows a sharp maximum at 2250 A with an abrupt 
fall towards longer wavelengths, and a somewhat 
slower fall at shorter wavelengths, The latter in- 
dicates that the glow is a bulk effect. The fall to- 
towards longer wavelengths seems to go in parallel 
with the fall in the absorption in this region, and 
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Fic. 6. Thermoluminescence spectrum of the 240°K_ peak. 
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with it also a fall in the fraction of the incident 
light which is absorbed in the crystal. 

The spectral distribution of the light emitted 
during the glow at 240°K is shown in Fig. 6. 
The spectrum is essentially the same as that of 
the luminescence and electroluminescence (Fig. 
2). It has a maximum at about 0-48, with 
shoulders towards shorter wavelengths, which 
seem to be present also in the luminescence. 

The relative intensities of the different peaks 
in the glow curve depended on the conditions of 
excitation. On excitation at 80°K, the peak at 
140°K got saturated at exposures of only a few 
minutes, while the 240°K glow did not fully 
saturate even with exposures of 2 hr. The peaks 
at higher temperatures saturate still slower, and 
their intensities relative to that of the 240°K peak 
grow continuously with the exposure time. 


(d) Thermal activation energies 

Computation of the activation energies from the 
glow peaks was carried out by the methods fully 
described previously."!4:15) The method of initial 
rise was used repeatedly on the same glow just as 
in Ref. (15). From “cleaned” peaks, activation 
energies were calculated also from the formulas: 5) 


E, = (1- P : (1) 
(2) 
Here £ was obtained for first order kinetics, and 


E2 for second order, k is Boltzmann’s constant, 
= 7T,—T7}\, where 
J 


E> = 


(2/r) kT? (1-3). 


T, is the peak temperature, 7 
T; is the half intensity temperature at the lower 
temperature side of the peak, and A = 2k7,/E 
is a correction factor small compared to one. 
Formulas (1) and (2) assume excitation into either 
the conduction or the valence band and not to an 
excited level within the forbidden gap. The good 
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agreement with the initial rise values (£;) supports 
this view, which follows also from other arguments 
to be discussed below. 

Some examples of the calculated activation 
energies are given in Table 2. 

‘T'wo typical examples are for the peak at 140°K, 
and two for that at 240°K (one for each specimen). 
The latter gave a T, value above 250°K. This was 
caused by the effective cleaning of the peak by 
series of initial rise measurements which bleached 
away more than 95 per cent of the 240°K glow, 
leaving only a comparatively weak component 
above 250°K. The symmetry factor* pg for the 








calles 1 | 1 
gO 200 210 220 230 240 ” 
Fic. 7. Activation energies from the glow of Type IIb 
diamonds in the temperature range 180—240°K as ob- 


tained from initial rise curves. 


peak at 250°K is about 0-5 which indicates” a 
nearly second order process. This follows also from 
the comparison of Fy and £2 to Ej. 

As already mentioned, the 240°K glow is com- 
posed of more than one peak. The activation 
energies of its components were obtained from 
initial rise measurements which covered the whole 

* ug = (w—T)/w, where w is the half intensity width 
of the glow peak; see Refs. (14) and (15). 


Table 2. Typical examples of activation energies computed by the method of initial rise (Ej), and from 
formulas (1) and (2), E\ and E> respectively. For the meaning of the other parameters see text. 


Ty K 
140 
139 
252 
253 


Ex(eV) E2(eV) Specimen 


0-192 
0-21 
0°388 
0°39 


0:-175 
0-19 
0-358 
0:36 





302 A. HALPERIN 


temperature range 180-250°K. Results from such 
a series of measurements are given in Fig. 7. 
Below 200°K the initial rise curves give an activa- 
tion energy of about 0-30 eV. At about 200°K 
there is a rise in the curve to about 0-37 eV. The 
exact values depended to some extent on amount 
of excitation, showing a tendency of the activation 
energies to increase (up to 0-40 eV in the extreme 
case) at prolonged excitations. 


and J. NAHUM 


100°K which yielded interesting new results. 
Prior to each set of dark conductivity measure- 
ments the diamond was kept for some 15 min at 
600°K to remove any possible effects of former 
excitations. Fig. 9 shows a log-currrent vs. 1/T 
plot of the conductivity, which was obtained with 
only 4:5 V across the diamond. To avoid the 
current at the higher temperatures being limited 
by the resistance in series with the diamond, the 
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Fic. 8. As Fig. 7 for the temperature range 300-500°K. 


Similar results were obtained above room tem- 
perature. In this case, however, the results are 
somewhat less accurate because of the lower glow 
intensities. Fig. 8 shows the activation energy 
distribution in this region. It indicates a level of 
about 0-52 eV at 350°K and at higher temperatures 
values of up to above 0-7 eV are obtained. 


(e) Dark conductivity 

The basic property of Type IIb diamonds is its 
semiconductivity. It has been investigated by 
several workers. ‘1,10,16.17) Hall effect measurements 
by these authors have shown the current carriers 
to be holes. The dark conductivity was also mea- 
sured by these authors, but unfortunately neither 
of them took measurements below 180°K. We 
have repeated these measurements down to about 


latter was reduced to 103 ohms. Only the part of 
the plot from 125 to 420°K is shown in Fig. 9. 
At higher temperatures the slope of the curve 
decreases until a maximum (minimum of re- 
sistivity) is reached, 18) 

While the earlier workers obtained an activation 
energy of 0-35-0-38 eV from their measurements, 
our plots (Fig. 9) give three portions, each forming 
a straight line, but with different slopes. The 
portion between 125 and 220°K corresponded to 
an energy of 0:22 eV. The next (220-260°K) gave 
0-30 eV, and the third (280-420°K) gave 0-38 eV. 

Similar measurements with the second specimen 
gave 0-20 and 0-29 eV for the first and second 
portions respectively. At higher temperatures 
(above 240°K) the slope started to decrease, 
apparently because of bad contacts, and the higher 
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energy could not be obtained. Nevertheless, the 
agreement between the two specimens is very good, 
and the energies obviously fit well the infrared 
absorption bands and the thermal activation 
energies computed from the glow curves. 

The diamonds showed some rectification even 
with good silver-point contacts. Of interest is 
that the direction of rectification changed at about 
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Fic. 9. Dark conductivity plots of a Type IIb diamond 
with log-current in the ordinate vs. 1000/T in the 
abcissa. 


130°K. This seems to be in agreement with the 
results of Austin and Wo FE”), who noticed 
that their Type IIb diamonds lost the p-type 
character on cooling to — 150°C. 


(f) Photoconductivity 

The high dark conductivity masked completely 
the photoconductivity at room-temperature. '!) 
Measurements were, therefore, carried out only 


at liquid-air temperature. Illumination with wave- 
lengths longer than 2200 A gave a photo-con- 
ductivity build-up curve rising continuously to 
the steady state value. Light of shorter wave- 
lengths, however, showed rise-curves which 
reached a maximum soon after exposure, from 
which the photoconductivity decreased to a lower 
steady value. 

The excitation spectrum for the photocon- 
ductivity is shown in Fig. 10. Adjustment of the 
calibrated slits of the monochromator secured 
constant energy of the exciting light at all wave- 
lengths. All the points for the curve were taken 
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Fic. 10. Excitation spectrum for the photoconductivity 
of a Type IIb diamond at 80°K. 


after the steady state has been reached. The ex- 
citation spectrum (Fig. 10) exhibits a maximum 
slightly below 2200 A, and some structure is in- 
dicated towards loneer wavelengths. With the 
other specimen, this structure was more pro- 
nounced and the main maximum appeared above 
2200 A. 

Photoconductivity was observed also on illumin- 
ation with longer wavelengths in the u.v. and 
visible. This, however, was much weaker com- 
pared to that obtained with light near the edge, 
and equilibrium could not be reached even after 
very long illuminations. 
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Infrared light (1-4) showed considerable 
photoconductivity. The exact excitation spectrum 
in this region has not been measured as yet because 


of experimental difficulties. 


(g) Current glow curves 
We shall distinguish between conductivity glow 
curves describing the current as function of tem- 


perature on applying a constant potential difference 


L 
Fic. 11. 


and J. 


NAHUM 


effects depending on the circuit during excitation, 
on the wavelength of the exciting light, and on the 
polarity of the voltage applied to the crystal during 
excitation. These effects need a detailed investiga- 
tion, and only examples of some preliminary ex- 
periments will be given now. 

Figure 11(b) describes the voltaic glow curve ob- 
2250 A and with only 


tained on excitation with 
the crystal and the input resistance of the Keithley 





—_J 


(a) Conductivity glow curve of a Type IIb diamond 


excited with 2250 A at 80°K, with 1-5 V across the diamond. 
(b) Voltaic glow excited at 80°K with 2250 A. Specimen in a 
closed circuit with no external voltage supply during excitation 


and measurement. 


(c) As (b), but with specimen in an open 


circuit during excitation. 


from an external source to the excited crystal, and 
voltaic glow curves obtained with no external 
voltage supply during the measurement. 

The high dark conductivity of Type IIb 
diamonds makes it difficult to obtain conductivity 
glow curves with these crystals. However, using 
only 1-5 V across the crystal and prolonged ex- 
citation with 2250 A, a glow peak at about 125°K 
was obtained as shown in Fig. 11(a). 

The glow 


voltaic curves show complicated 


micro-microammeter in the circuit during the 
excitation and during the recording of the glow. 
Only one peak appears which fits well the thermo- 
luminescence at 140°K, and nothing is seen at 
240°K, where the main thermoluminescence was 
recorded. 

Figure 11(c) was obtained with the crystal in an 
open circuit (with the battery terminal discon- 
nected) during excitation, and short-circuited, as 
before, during the recording of the glow. There 
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appears now one peak at 125°K and another at 
240°K, the latter showing a reversed polarity. 


DISCUSSION 


The energies of the extra absorption bands of 


Type IIb diamonds in the infrared were found to 
fit well the thermal activation energies obtained, 
both from the dark conductivity, and from the 
thermoluminescence. A comparison of the com- 
puted energies is given in Table 3. 


Table 3. 


The good agreement obtained in the present work 
serves, therefore, also as a justification of the 
methods used for the computation of the activation 
energies from the glow curves. 

The Hall measurements 9, 16.17) have shown 
the p-type character of Type I1b diamonds above 
130°K. From this it was concluded that the dis- 
crete levels (at 0-2, 0:3, 0:37 eV etc.) are located 
near the valence band, and on raising the tem- 
perature, holes are released into the valence band. 


Comparison of activation energies for Type IIb diamonds obtained from the extra infrared 


absorption bands, from the dark conductivity, and from the thermoluminescence peaks. 


Activation energies in eV 


0:20 
0-206 


Optical (infrared) 


Dark conductivity 


Thermoluminescence 


The higher energies (0-52, 0-67 eV) could not be 
obtained from the slopes in the dark conductivity 
curve, because it saturates and even reaches a 
maximum at higher temperatures, ‘!?) 

Because of the comparatively low concentration 
of the shallower traps (0-21 eV), the contribution 
of the carriers at the 0-30 eV levels became dom- 
inant at temperatures as low as 220°K. This is why 
the change in slope from 0-2 to 0-3 eV could 
clearly be observed. An indication of the relative 
concentrations of the 0-2 and 0-30—-0-37 eV traps 
has been obtained from the relative intensities of 
the glow at 140° and 240°K. The intensity of the 
latter at prolonged excitations was found at least 
1000 times that of the 140°K glow peak, which 
fits the dark conductivity measurements. 

Correlation between the infrared and dark con- 
ductivity measurements has already been reported 
by earlier investigators for the 0-35—0-38 eV level. 
This was shown in the present work to hold also 
for the 0-2 and 0:3 eV levels. For the thermo- 
luminescence, however, the correlation found in 
the present work is completely new. It is of 
special importance in light of the fact that thermal 
activation energies obtained from glow curves do 
not fit generally the optical activation energies. 


U 


The spectral measurements of the luminescence, 
electroluminescence and  thermoluminescence 
show that the centers at which the holes recombine 
with electrons are located at 2:6—2-8 eV above the 
valence band; or at about the middle of the for- 
bidden gap. 

The excitation spectrum for the thermolumin- 
escence (Fig. 5) indicates the following process: 
light of about 2250 A raises electrons to the 
conduction band (or to levels near it) and leaves 
free holes in the valence band. The latter become 
trapped in the discrete levels near the valence 
band, while the former may occupy the lumin- 
escence centers. Thermal activation then releases 
the trapped holes, which emit the thermolumin- 
escence on recombination with electrons in the 
centers. This view is further supported by the 
photoconductivity excitation spectrum (Fig. 10). 
The band structure in this spectrum near the edge 
indicates the existence of discrete levels, possibly 
near the conduction band. 

The voltaic effects seem quite complicated, and 
no attempt will be made now to explain them. 
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Abstract—The thermoelectric power, TEP, relative to copper has been measured in Fe—Al alloys: 
(a) for the alloy 25-05 at. per cent Al over the temperature range 100—950°C; (b) at room temperature 
over the composition range 17-0—28-5 at. per cent Al as a function of quenching temperature. The 
critical temperature for the Fe3Al structure was marked by a sharp change in slope of the TEP vs. 
temperature plot and the phase boundary was accordingly determined; for stoichiometric Fe3Al, 
Te = 560+5 °C. The critical temperature of the FeAl structure was not marked by a similar change 
in slope; however, a change in slope of the TEP vs. composition plot defines this transformation. 
FegAl order acts to increase while FeAl order acts to decrease the TEP. The results are interpreted 
in terms of distortion of the density of states curve of the 4s band due to the formation of new 
Brillouin zones accompanying ordering. The results are discussed in terms of the change on ordering 
of the kinetic energy of the 4s electrons as being the origin of the ordering energy for the FeAl. 


INTRODUCTION 


Tue order—disorder transformations in 
Fe-Al alloys may be defined by specifying the 
respective compositions of the three interpenetrat- 
ing cubic lattices, «, 8, and y, asillustrated in Fig. 1. 

In FegAl type order, Fe atoms preferentially 
occupy the « and f lattices and Al atoms the y 
lattice. In FeAl type order, Fe atoms preferentially 
occupy the « lattice but the f and y lattices are 
identically occupied. In the disordered phase all 
of the lattices are identically occupied. The FeAl 
type order can be accounted for by the usual 
quasi-chemical, nearest neighbor bond, order 


Fe rich 


disorder theory. It can, however, be seen from Fig. 
| that for FegAl type order, wherein the f lattice is 
differentiated from the y lattice, at least second 
neighbor bonding must be required for the quasi- 
chemical approach, since the nearest neighbors of 
the 6 and y lattices are identical. The quasi- 
chemical calculation, using higher order inter- 


* The research reported in this document has been 
sponsored in part by the Wright Air Development 
Center of the Air Research and Development Command, 
U.S. Air Force, through its European Office, Contract 
No. AF 61 (052)—122 and represents a portion of the 
Sc.D. thesis of G. Erez. 
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actions, has been made for the Fe—Al system by 
several authors'!-4) in essential agreement with the 
available experimental data. 


Fic. 1. Lattice sites for ordering in Fe-Al alloys. 
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However, the quasi-chemical model is not the 
only possible approach to the ordering energy. On 
ordering, new Brillouin zones are formed corre- 
sponding to the superlattice Bragg reflections and it 
has been shown by SLATER“) and by NicHotas? 
that this may lower the energy of the free electrons 
and thus account for the ordering energy. Lip- 
son?) has, however, discounted this view with 
respect to ordering in the Fe—Al system in favor of 
strain energy relief as the primary source of the 
ordering energy. Nevertheless, it seems probable 
that the Brillouin zone effect is significant in Fe 
Al ordering and in this paper are presented the 
results of measurements of thermoelectric power as 
a function of temperature, long-range order, and 
composition in the neighbourhood of the composi- 
tion FesAl in an effort to estimate the Brillouin 
zone effect. 

Very few measurements of ‘TEP in alloys under- 
going order—disorder transformations have been 
reported. Presumably this is because the inter- 
pretation of the results in terms of electronic 
structure is difficult, and that as potential alloys for 
thermocouple material such alloys have been 
avoided because the order—disorder transformation 
introduces undesirable time dependent effects. 
Nevertheless, Sato‘®? 
ments in a study of long-range order in CugAu, 
though he did not obtain an unambiguous inter- 
pretation of his data in terms of electron band 
structure; and Cooper et al."9) and BLuE"®) have 
observed the variation of the thermoelectric power 


employed such measure- 


during ordering of CuAu. 


Table 1. Chemical analysis of alloys 
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These alloys were supplied with 
chemical analyses by the U.S. Naval 
Ordnance Laboratory, White Oak, 


Maryland. 


ALLOY PREPARATION 


The alloys were made by mixing iron (Fisher Scientific 


a 


S. RUDMAN 

Co., Cat. No. 1-61) and aluminum (British Drug Houses 
Ltd., fine powder) powders, pressing into briquettes, 
melting the briquettes in alumina crucibles in a molyb- 
denum resistance furnace, and then chill casting into a 
copper mold. The furnace was evacuated to a pressure of 
10-3mm Hg until the temperature rose to 1000°C, at this 
point dry hydrogen or argon to a pressure of 1 cm Hg 
was introduced to reduce the evaporation rate. The 
ingots, 1 cm dia. X8 cm long, were homogenized by hot 
rolling at 1000°C into 1 mm thick strip. The test samples 
were cut from the strip and then annealed under a 1 cm 
Hg pressure of hydrogen at 1300°C for about 2 hr. The 
results of the chemical analyses are summarized in Table 


Alloys of higher Al contents were too brittle to roll and 
hence set the upper limit on the composition range. 


MEASUREMENTS OF THERMOELECTRIC POWER 
The TEP of a thermocouple is given as 

dV I 

aT 


(G2—G}) (1) 


e 
where 


V = voltage 

T = temperature (on absolute scale) 

e = electron charge 
G; = absolute thermoelectric power of material 


1. 


The absolute TEP at not too low temperatures can 


be given in terms of fundamental electronic 
properties of the material by Mortt’s theory in 


the form") 


G 


RT! In rote! 
| ( E 


— 
~ 


where 


Boltzman’s constant 
= Fermi energy 
= relaxation time 
= electron speed 
= density of states 
it having been assumed that 7 and wv are functions 
of the electron energy, /, only; and that only one 
band contributes significantly. Making the rea- 
sonable assumption that the relaxation time varies 
with temperature as“) 7 = 797", then G/T will be 
independent of temperature as is approximately 
found in pure metals that do not undergo phase 
transformations. If in ordering there is a significant 
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effect on the free electrons, then it may be expected 
that G/T will depend on temperature through the 
variation of long-range order with temperature. 
Conversely, it may be hoped to interpret such TEP 
data in terms of the effect of long-range order on 
the electron band structure. 





Fic. 2. Thermocouple connections. 


(Fe-Al)—Sample, Cu—Copper, C—Constantan. 
To find the thermoelectric power as a function 
of long-range order, the measurement may be made 
either at temperature in the range of the order 
disorder transformation, or at some convenient 
fixed base temperature on samples that have been 
quenched sufficiently rapidly from the transforma- 
tion range to retain the equilibrium degree of order. 
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THERMOELECTRIC POWER 309 
The results of both methods are reported here. The 
thermocouple connections are illustrated in Fig. 2. 

The measurements at temperature were made 
by placing the alloy sample (dimensions 1 x 4 x 70 
mm), with the copper and constantan leads fixed 


with clamps, in a resistance tube furnace with a 


gradient such that AT’ = 72—7, ~ 20°C. The 
temperature was varied by a program controller 
at a rate of 10°C per hour. The furnace was auto- 
matically controlled to + 1° and was filled with an 
atmosphere of hydrogen. Referring to Fig. 2, the 
voltages measured were Vac, Voa, Vav, Vea and 
using standard copper—constantan thermocouple 
tables, Van > 71, Vea > Tz and Vae— Vong > AT. 
The voltages were measured with a potentiometer. 
In Fig. 3 is plotted 1/T - dV /dT for the alloy 25-05 
at. per cent Al (relative to copper, i.e. Vae). 

It is seen that for T > 560°C, 1/T'- dV/dT is 
appreciably constant. his temperature corre- 
sponds to the critical temperature) for the trans- 
formation Fe3Al type order — FeAl type order and 
according to the previous discussion of equation 
(2), for T > T, this plateau is to be expected. 
Although the experimental points in Fig. 3 are 
extended only to 800°C, the measurements have 
been extended to 950°C, and the plateau continues 
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Fic. 3. Thermoelectric power of the Fe—Al alloy 25-05 at. per 
cent Al relative to Cu as a function of temperature. 
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without a break to the highest measured tempera- 
ture. This is of interest TAYLOR and 
Jones"2) have given 850°C as the temperature of 
the transformation FeAl type order -> disorder for 
this composition. For low temperatures, the long- 


because 


range order must approach a constant value, either 
the thermodynamic equilibrium value or a frozen- 
in value due to negligible diffusion. In either case a 
plateau at lower temperatures is to be expected but 
is not found in Fig. 3. This may be explained by 
the fact that this alloy is ferromagnetic and so the 
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samples. The samples for this work were U 
shaped. To each leg was clamped a copper wire; 
one leg was held in a constant temperature bath at 
20°C and the other leg in a bath whose tempera- 
ture was varied between 20 and 50°C at a rate of 
about 1°C per min. The baths were of kerosene and 
the temperatures were measured by a mercury in 
glass thermometer. The results for the several 
compositions are illustrated in Fig. 4. 

Here both the upper and lower plateaus are ob- 
served as expected. In the region 250-350°C there 

















Temperature of quench, 


°C 


Fic. 4. Thermoelectric power of Fe—Al alloys relative to 
Cu as a function of quenching temperature; measured in 
the range 20-50°C. 


density of states is dependent on temperature for 
temperatures less than the Curie point. In Fig. 3 is 
also plotted the TEP for an Fe—Cu couple (values 
taken from standard tables) and the similar be- 
haviour seems to support this view. TEP measure- 
ments at temperature, in addition to being less con- 
venient, have the disadvantage that what is ob- 
tained is the effect of long-range order smeared out 
over the temperature range A7’. 

Having established that nothing of interest 
occurs for 7 > 600°C and that below this tem- 
perature rapid quenching essentially preserved the 
equilibrium long-range order, the remaining mea- 
made on rapidly quenched 


surements were 


was a small hysteresis whose smallness shows that 
thermal equilibrium was well approached. For the 
sake of clarity in Fig. 4, the hysteresis has not been 
drawn for all the samples. The annealing times for 
the temperatures below 300°C were of the order of 
100 hr at each temperature so that the cumulative 
time below the critical temperature for any alloy 
approached 1000 hr. The temperature of the upper 
break is plotted in Fig. 5 superimposed on the 
relevant section of the phase diagram according to 
RupMAN"), It is seen that the results coincide with 
the previously given «/«2 boundary between FegAl 
type order and FeAl type order. The accuracy of 
the determination is + 5°C, taking into account the 
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accuracy of temperature measurement and the 
ability to define the point of the change of slope. 

The fact that dV/dT does not exhibit a discon- 
tinuity at the transformation temperature, only a 
change in slope, indicates that the order—disorder 
transformation, FegAl type order > FeAl type 
order, is of second order, or first order but with a 
very small jump at the critical temperature. 
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Fic. 5. Section of the Fe—Al phase diagram with the 
results of the present thermoelectric measurements 
superimposed. 


In Fig. 6 is plotted the high temperature plateau 
and low temperature plateau TEP values from Fig. 
4 as a function of composition. Actually the 
absolute TEP is plotted, the correction from the 
value relative to copper of Fig. 4 has been made 
taking Gey(20°C) = 1-73uV/°C from Cusak and 
KENDALL"), We note that the high temperature 
plot exhibits a sharp break at about 21-5 at. per 
cent Al which on reference to Fig. 5 is seen to 
correspond to the FeAl type order - disorder 
boundary. Presumably this transition is not felt on 
the TEP vs. temperature plots because the bound- 
ary is nearly vertical. 

From Fig. 6 it is seen that the addition of Al to 
Fe in the disordered terminal solid solution acts to 
increase the TEP. Increasing FeAl type order, 
which corresponds to increasing Al content, can be 
seen from the high temperature plateau plot to 
decrease the TEP. From Fig. 4 it is clearly seen 
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that FegAl type order acts to increase the TEP. The 
low temperature plateau plot of Fig. 6 is thus seen 
to exhibit the superposition of the opposing effects 
of the FeAl and FegAl type ordering processes: 
FeAl type order monotonically decreases the TEP 
with increasing Al content; FegAl type order in- 
creases the TEP with maximum effect at the 
stoichiometric composition. The low temperature 





Atomic fraction AL 
Fic. 6. High and low temperature plateau absolute 
thermoelectric power as a function of composition. 


plateau is seen to exhibit somewhat erratic behavior 
for Al contents less than 25 at. per cent. This is 
consistent with the two phase region of Fig. 5 
since the precipitation would make equilibrium 
conditions difficult to obtain. 


DISCUSSION OF RESULTS 

We assume that only the 4s electrons contribute 
to the TEP of these alloys. The 4s density of states 
curve is rather flat so that a small change in shape 
or in the electron to atom ratio would result in a 
large shift in the Fermi level, E,,. However, the 
Fermi level also cuts the much denser 3d levels 
(the material is ferromagnetic so that the 3d levels 
are not full) and this has a stabilizing effect on the 
Fermi level. Thus we assume that to a first approxi- 
mation the Fermi level is independent of degree of 
order and of composition. We also assume that 


l( Ep 
MPP) ny 
a, a 


dn 


dn : 
7 eae 


n(Er) > | 


F 





and 
where 
xX composition 


S long-range order parameter 


and hence approximate n(E) by a constant for all 
compositions and states of order. 
Equation (2) for the absolute TEP may be written 


as 


7k°T 1 dn 


G 


3 In dE 


A priori the TEP behavior could be attributed 
either to the density of states term, 1/n - dn/dE, or 
to the scattering term, 1/7v? - d(rv?)/dE, or to the 
combination. Thus, without additional information 
or assumptions the TEP data cannot be interpreted 
in terms of fundamental behavior. 

Let us first consider the scattering term. We can 
expect negligible variation in the electron speed, v. 
The relaxation time, 7 we can resolve into two 
due to atomic 


components: 7 s, the relaxation 


disorder scattering (as perfect order is approached: 


x 


and as complete disorder is approached: 


and TT, the relaxation time due to thermal scatter- 


ing, such that 
l/r Ts+1/r7 (4) 


We can estimate the relative importance of the two 
scattering mechanisms from resistivity measure- 


ments since 


so that 


Pord)/Pord 


(Pais 


Using the data of Sykes and Evans"!4) for Fe3Al we 
obtain that t7/79 ~ 4 at room temperature. Thus 
thermal scattering is the dominant mechanism in 
these alloys. The relaxation time can thus be ex- 


panded in a series as 
trl —rr/ts4+(r7/7 ~ (5) 


oc Es 


relations into 


According to WiLson"), we can write 77 


and tr, « Et. Introducing these 
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equation (5) we obtain 
a7 § (s—t) 
= + 
7 aE 
(6) 


Thus for the present case with 77/75 < 4, the TEP 
would be expected to vary only weakly with the 
scattering term.* As noted previously, FegAl type 
order acts to increase the TEP while FeAl type 
order acts to decrease the TEP, however, both 
types of order would act to increase 7, and hence 
the scattering term does not appear to be capable of 
accounting for the TEP behavior of these alloys.+ 
Concomitantly with changes in order occur 
changes in the magnetic state, in the elastic con- 
stants and in the volume and hence it is possible 
that on taking these effects into account, the 
scattering term could account for the TEP data. 
However, in lieu of adequate data and theory con- 
cerning these effects, we that the 
variation in the scattering term can be neglected. 


will assume 


And now consider the density of states term. 


Effect of long-range order on energy band 


structure. 


disorder long-range order. 


*'The referee has pointed out that in the case of 
t —4 and hence the 


argument against the scattering mechanism is stronger. 


many partially filled bands s 


In the present case there are two partially filled bands and 
hence we can probably expect s—t <2 (the free electron 
case) but we shall not need to rely on this point. 

ft BLUEU? 


as a scattering problem. In CuAu: 


has interpreted his TEP data in CuAu 
primarily 
(Pdis — Pord)/Pord TT/TO — & 


Thus for CuAu the scattering term depends strongly on 


the degree of order. 
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We assume that only the 4s band is significantly 
distorted by the new Brillouin zones formed on 
ordering. The effect of a new zone on the density 
of states is schematically illustrated in Fig. 7. Thus 
depending on the position of the Fermi level, 
dn/dE may either be increased or decreased on 
ordering. After SLATER™), we that the 
density of states at an arbitrary state of order, S, is 


assume 


given as 
nS) = n(0)+AnS 
where 
An = n(1)—n(0) 
= density of states for complete disorder 


= density of states for perfect order 
= long-range order parameter. 


For an alloy of X atomic fraction A and (1—X) 
atomic fraction B, with perfect order only at the 
equiatomic composition, AB, the long-range order 
parameter takes the form“) 

S = 2Xf(X, 7), 
: 2(1—X)f(1—-X, T), 
where 
/(X, T) = 9, 
- 1 

The Fe rich Fe—Al alloys present a more com- 
plex behavior because there are two overlapping 
ordering processes. It is convenient to define two 
order parameters: S); to describe the FeAl type, 
and .S3; to describe the FegAl type. Taking X as the 
atomic fraction Al we then obtain: 


Si, = 2X/(X, T) 
S31 = 2(2X)f(2X, T) 
2(1 —2X)f(1—2X, T) 


so that: 


We now assume that under superposed ordering 
the density of states is given as: 


n(Si1, S31) = n(0)+Any,S),+Ang,S3, (9) 
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and 


dn(0) 


dAny dAny 
+ Si+ S31 
dE dE dE 

If we attribute the variation in the TEP to the 
change in dn/dE with the state of order, and if we 
assume that dAn,,/dE = const. > 0, and 
dAngz;/dE = const. < 0, we can see that the TEP 
behavior of Figs. 4 and 6 is well described. For 
X > 22 at. per cent Al, the high temperature 
plateaus correspond to S3; = 0 and Sy = 2X 


(10) 


(because of the nearly vertical nature of the 
FeAl - disorder boundary, for X > 22 at. per 
cent Al, Si; > (S11)max = 2X) and the 
decrease in the TEP with increasing Al content 
beyond 22 at. per cent Al is thus accountable for 
by the assumption of dAnj,/dE > 0. The TEP 
increase with decreasing temperature is consistent 


linear 


with the increase in S3; with decreasing tempera- 
ture provided that dAng;/dE < 0. 

The variation of the low temperature plateau 
TEP with composition is similarly explained as the 
superposed variation of (S11)max and (S31)max, as 
given by equations (8), with composition. 

It now must be shown that dAn};/dE 
dAng/dE < 0 follow from the effect of ordering on 
the density of states. Under the superposed FeAl 
and FesAl ordering the 4s band will be distorted 


> () and 


by three new Brillouin zones: letting a be the 
lattice parameter of the body-centered disordered 
unit cell, then, referring to Fig. 1, it is seen that 
the volumes of the primitive unit cells in the re- 
spective structures are V gig a3/2, Veal a’, 
(2a)3/4 = 2a°. Accordingly, the volumes 
Brillouin ratio 


J Fe,Al 
of the will be in the 
V ais/V¥eai/V FeAl 1/4/4 and hence the original 


disordered zone capable of holding 2 electrons will 


ZONeS 


be cut by three new zones, an FeAl type holding 1 
electron and two FegAl types holding 4 and 14 
electrons respectively. 

Let us consider that the Fermi level falls just to 
the low energy side of the first FegAl zone. ‘This 
would correspond to the neighborhood of point B 
of Fig. 7, so that dAng;/dE < 0. A Fermi level at 


this energy would then be on the low energy tail of 
the distortion by the FeAl zone. This would 
correspond to just on the high energy side of point 


A of Fig. 7 and would yield dAnj;/dE > 0. The in- 
equalities dAnj,/dE > 0 and dAngi/dE < 0 by no 
means uniquely fix the placement of the Fermi 
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level (though if an accurate calculation of the band 
shape were available they might) but the above 
choice of somewhat less than 4 electron per lattice 
site in the 4s band appears to be the most probable. 

It is of interest to compare this choice with an 
independent estimate of the number of 4s electrons. 
The number of electrons in the 4s band can be 
estimated from the magnetic moment data of 
Parsons et al.“5) for ordered FegAl who give the 
moment per Fe atom as 1-8 Bohr magnetons. Con- 
sidering the number of electrons per lattice site, 
and letting mq+ and nq- be the respective number of 
3d electrons of spin up and of spin down, ns be the 
number of 4s electrons, and assuming that mg. = 5, 
and that each Al atom contributes 3 electrons to the 
3d and 4s bands, then we have 


3(mqa++ma-)+ns = $x34+ 3x9 


but 
Na+ —Na- = 1-8, ma+ = 5 


so that 
n, = 0-6. 


This is slightly on the high energy side of the first 
new FegsAl zone but the effective contribution of 
the Al in this calculation has probably been over- 
estimated, since it is also observed from magnetic 
measurements"5) that for dilute alloys the effect 
of Al additions to Fe is essentially as a diluent, 
that is, valence effectively zero. 

As noted previously, the motivation for this 
investigation was to check the hypothesis that 
Brillouin zone effects accompanying ordering may 
contribute to the ordering driving force. From the 
conclusion that the 4s band is distorted to signi- 
ficantly affect the TEP it does not necessarily 
follow that there is also a significant contribution 
to the ordering energy. The change in the electron 
energy between the ordered and disordered states 
is given as 

EF 
U = Uora—Uais = | Exfx 
B 


x [Amyi(Si1)max + Amgi(S31)max] dE (11) 
where f = Fermi—Dirac distribution function. 


Thus to calculate this energy difference the 
quantities Am}; and Ang; are required, whereas we 
have seen that the TEP data can only yield 
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dAny,/dE and dAng;/dE.* Thus although we are 
not able from the present data to obtain any numer- 
ical estimate of this integral we can make the 
following observation: after NicHoLas®), provided 
that the Fermi level falls in the region An ¥ 0, the 
energy of the ordered state will be lower than that 
of the disordered state, i.e. AU < 0. This differ- 
ence will rise to a maximum somewhere near the 
middle of the band. We have seen that the probable 
Fermi level for FegAl occurs at the beginning of 
the rise in the AU curve and we are thus led to the 
prediction that a higher electron/atom ratio for this 
structure would perhaps lead to a larger energy 
gain. The isomorphous ordering in FegSi does in 
fact exhibit a much more stable long-range order. 
According to GLASER and Ivanic"®), it disorders 
at about 1120°C as compared to 560°C for FegAl. 


SUMMARY OF RESULTS 

The thermoelectric power TEP relative to 
copper of an Fe-—Al alloy, 25-05 at. per cent Al, 
has been measured over the temperature range 
100-950°C. A sharp change in slope at 560°C 
marks the transformation FegAl type order > 
FeAl type order. No indication was obtained of the 
FeAl type order > disorder transformation that 
according to TAYLOR and Jones?) should occur at 
about 850°C. This is presumably due to the nearly 
vertical nature of this boundary so that it is not 
crossed sharply. 

The TEP at room temperature of Fe—Al alloys 
relative to copper has been measured as a function 
of the degree of long-range order, in the composi- 
tion range 17-0-28-5 at. per cent Al by rapidly 
quenching samples from different temperatures. 
The curves of TEP as a function of quenching 
temperature are characterized by plateaus in both 
the high and low temperature regions. The de- 
parture from the upper plateau is interpreted as the 
critical temperature of the FegAl type order and 
confirms RUDMAN’s"!) version of the phase diagram. 

A plot of the high temperature and low tempera- 
ture plateau TEP values as a function of composi- 
tion shows that while FegAl type order acts to 
increase the TEP, FeAl type order acts to decrease 


* A change in the ground level, Eo, would also be an 
important part of the ordering energy. However, this 
energy is the mean potential energy of the electrons and 
hence would presumably not depend strongly on the 
degree of order. 
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the TEP. The TEP data plotted in this manner 
does reveal the FeAl > disorder transformation as 
between 21 and 22 at. per cent Al at 600°C in 
essential agreement with TAYLOR and Jongs‘!?), 

The TEP data has been interpreted by applying 
Motr’s formulation to the 4s electrons. It is shown 
that due to the large thermal scattering in these 
alloys the effect of the change in the relaxation 
time, 7, on ordering has a minor effect on the TEP 
and the data has been interpreted in terms of the 
distortion to the density of states from the new 
Brillouin zones formed on ordering. 

It is shown that this model, with a Fermi level 
corresponding to somewhat less than 4 electron per 
lattice site in the 4s band is capable of explaining 
the inverse effects on the TEP of FeAl and Fe3Al 
type order. It is pointed out that assuming that the 
lowering of the kinetic energy of the free electrons 
is the origin of the ordering energy, the thermo- 
electric data for Fe—Al alloys indicate that a some- 
what higher electron to atom ratio would result in 
an even more stable structure and it has been noted 
that this is in fact borne out by FesSi. 
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Abstract 


The ESR spectrum of stretched polyethylene, irradiated at 77°K, has been observed at 


various Orientations of the applied magnetic field with respect to the axis of stretch. The different 
spectra resulting have been explained in terms of the anisotropy of the «-hydrogen atom which has 
been resolved due to the orientation of the molecule chains on stretching. Values obtained for the 


a-hydrogen hyperfine component separation are in good agreement with those found by other 


workers for irradiated single crystals 


INTRODUCTION 
Ir HAS previously been reported by the authors") 
that the ESR spectrum of stretched polyethylene 
when irradiated and observed at 77°K is different 
from unstretched. In this paper this difference is 


investigated further. 


EXPERIMENTAL 

The material studied was a low density polyethy- 
lene, Alkathene 7. It was stretched at a rate of 15 
per cent increase per minute using a tensile testing 
machine to give a natural elongation of about 
500 per cent after which it broke. Immediately 
after breaking there was a partial recovery giving 
a permanent natural elongation of 450 per cent. 


Two strips were cut perpendicular and parallel 
to the axis of stretch. 

The samples were irradiated im vacuo at liquid 
nitrogen temperature 77°K using a Co® source 
(2400 curies) for four hours to a nominal dose of 
2 megarads. While the specimens were kept at a 


low temperature the spectra were recorded as 
derivative traces using a high frequency magnetic 
field modulation X-band spectrometer. Signals were 
recorded at 77°K and 195°K. Basically the same 
spectra were obtained at both temperatures but in 
some cases at the lower temperature the lines were 


broader in the wings and therefore less well re- 
solved. In general the better resolved spectra at 
the higher temperature were used for interpretation 
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ESR spectrum of unstretched polyethylene at 77°K. 
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purposes. Where theoretical curves were con- 


structed a Gaussian line shape was assumed. 


RESULTS 
The spectra displayed in Figs. 1-5 were ob- 
tained at various orientations of the applied 


magnetic field with respect to the direction of 


stretch. 
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and that in Fig. 4 using 
8 hyperfine component separation 


) 


a hyperfine component separation = 32: 


line width = | 

In Figs. 1 and 5 for unstretched polyethylene 
and stretched polyethylene with the applied mag- 
netic field at 45° to the direction of stretch, the 


a — 
20 gouss 


ESR spectrum of stretched polyethylene at 77°K with the applied magnetic field 


perpendicular to the direction of stretch. 


All the spectra are interpreted as being due to 
the radical 


Experimental curve. 


Theoretical curve. 


x and f hyperfine component separations are 
approximately equal and are about 26 G and the 


line width about 18 G. 


DISCUSSION 
The proton hyperfine component separation 
arises from the interaction between the magnetic 


20 gauss 


Fic. 3. ESR spectrum of stretched polyethylene at 195°K with the applied magnetic field 
perpendicular to the direction of stretch. 


where the f-hydrogen atoms give rise to one 
hyperfine component separation and the «- 
hydrogen atom to another. 

The theoretical curve shown in Fig. 3 was con- 
structed assuming an absorption peak intensity 
ratio of 1:4:6:4:1 for the five main components 
and using the following values 

B hyperfine component separation = 30 G 

a hyperfine component separation = 14G 

line width = 11.5G 


moment of the unpaired electron and that of the 
neighbouring nuclei. This separation can be 
divided into an isotropic and an anisotropic 
component. In general the anisotropic component 
is smeared out owing to the random orientations. 
Several authors 2-4) have studied this anisotropy 
in single crystals. In particular MCCONNELL et al. 
have studied the «-hydrogen atom in the radical 
‘CH(COOH): produced by the X-irradiation of 


a single crystal of malonic acid. They find that the 
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Fic. 4. ESR spectrum of stretched polyethylene at 195°K with the applied magnetic field parallel 
to the direction of stretch. 
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Fic. 5. ESR spectrum of stretched polyethylene at 77°K with the applied magnetic field at 45 
to the direction of stretch. 


In the case of stretched polyethylene the direction of 
stretch is along the y-axis. 


2, x, y components of the diagonal (electron-spin) 
(nuclear-spin) coupling dyadic for the «-hydrogen 
atom are of the same relative sign and of magni- 
tudes 11, 22, and 32-5 G respectively. These axes 
are related to the molecule as shown in Fig. 6. 

It is assumed that the «-hydrogen atom adopts 
a position such that the CH bond bisects the HCH 
angle of the undamaged parent molecule. 

When polyethylene is stretched the molecule 
chains are orientated along the direction of 
stretch. X-ray photographs of the specimens 
(Figs. 7 and 8), taken using a Philips X-ray 
diffraction unit, provide an indication of the 
extent of this orientation. 

We would expect at radiation damage centres 
that the «-hydrogen atom would be at right angles 
to the molecule chain and hence at right angles 
to the axis of stretch which is along the y axis in 
Fig. 6. It will therefore show anisotropy. 

When the applied magnetic field is perpendicular 





X-ray diffraction photograph of unstretched 
polyethylene. 
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X-ray diffraction photograph of stretched 
polyethylene. 
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to the direction of stretch it is randomly 
orientated in the xz quadrant. The experimental 
value of 14 G (Fig. 3) for the « hyperfine compon- 
ent separation is in rough agreement with 
McConneELL’s values, from which 
expect a value of about 16 G. 

When the applied magnetic field is parallel to 
the direction of stretch (y axis), the experimental 
value of 32-5 G (Fig. 4) for the « hyperfine com- 
ponent separation is in exact agreement with 
McConneLv’s value. The narrower line width in 
this case is also as expected. 

When the applied magnetic field is at 45° to the 
direction of stretch the « hyperfine component 
separation is composed of contributions from each 
of the canonical orientations. This approximates 
to the randomly orientated case as is experienced 
in unstretched polyethylene. The spectrum in this 


one would 
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case (Fig. 5) is identical with that of unstretched 


polyethylene (Fig. 1). 
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Abstract 


The surface conductance under anomalous skin effect conditions of polycrystalline 


samples of the hexagonal divalent metals magnesium, zinc and cadmium is measured and used to 


determine their Fermi surface areas. The results for zinc and cadmium are in good agreement with 


the theoretical values, which are estimated in the nearly-free electron approximation for recently 


proposed models of their Fermi surfaces. For magnesium the Fermi energy is regarded as a variable 


parameter, and the experimental value for the area provides a sensitive measure of its position 


relative to the calculated energy levels at points of high symmetry in the Brillouin zone. The area 


for each metal when combined with the d.c. conductivity and the electronic specific heat also yields 


average values of the mean free path and Fermi velocity. 


1. INTRODUCTION 
A RELATIONSHIP between the area of the Fermi 
surface of a metal and its surface conductance 
under anomalous skin effect conditions was pointed 
out by CHamBeERs"!), ‘The theorem was stated in a 
PIpPARD (2) 
average of the cubes of the principal values of the 


more exact form by as follows: the 
surface conductance » for all orientations of the 
crystal axes with respect to the metal surface is 
related to the free area S of the Fermi surface in 
wave-vector space by the expression, 
‘ eS 
» = (1) 
7 6/373 wh 


w being the angular frequency. 


The free area S does not include the regions of 


the Fermi surface in contact with the Brillouin 


zone boundaries, which do not contribute to the 
current, so that for a polyvalent metal one expects 
S to be less than the free electron value Sp for a 
surface containing the same 


spherical Fermi 


number of conduction electrons. The deviation of 


S from So is difficult to interpret directly and 
unambiguously in terms of the shape of the Fermi 
surface and its distribution among the several 
occupied Brillouin zones, but may be of value in 


conjunction with other more detailed experimental 


or theoretical methods of investigating the Fermi 
surface. °) 

This method of estimating the area of the Fermi 
surface was used to study the hexagonal divalent 
metals magnesium, zinc and cadmium. No band- 
structure calculations are available for zinc or 
cadmium, and the results of the present work are 
interpreted in terms of the nearly-free electron 
approximation based on models of their Fermi 
surfaces proposed by Harrison"), The results for 
magnesium are related to Faicov’s®) band- 
structure calculations, and provide a sensitive 
measure of the position of the Fermi level with 


respect to the energy levels calculated at points of 


high symmetry in the Brillouin zone. 


The area S of the Fermi surface may also be 
combined with the d.c. conductivity o and the 
electronic specific heat yT to obtain average values 
of the electron mean free path / and the velocity 
wv at the Fermi surface. ‘The expressions relating 


these quantities are): 


and 
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Evidently measurements of the surface con- 


ductance of a large number of single crystals of 


different orientations would provide the required 
average, but very much less labour is involved in 
measuring one or two fine-grain random poly- 
crystalline samples of the metal. The latter 
approach was adopted and is thought to have 
yielded accurate results within the limitations im- 
posed by the following sources of error inherent in 
the method: 

(a) It is difficult to prepare a completely random 
polycrystalline sample: 

(b) Even for 
the 


such a sample the quantity 
measured is surface resistance 
<1/ 5, and the substitution of <1/=5~-3 for <3 
in equation (1) will result in an underestimate 
of S if & is anisotropic. 


average 


(c) ‘The method depends upon the measurement 
of a surface property to deduce a characteristic of 
the bulk metal. 


2. THEORY 
The principal values of the surface conductance 
of a plane single crystal of a metal under anomalous 
skin effect conditions are given by the expressions, 


1/3 


x ( oe al ay | 
i : (4) 


A | 33/273 qy2h 


e 


0 
the origin of ys being chosen so that 


9 
* sin u cos J 


adds Q: 


’ 


0 K | os t) 
2 

here the polar coordinates (y,) of the electron 
velocity directed along the normal at a point on the 
Fermi surface are referred to the normal to the 
plane of the metal as z-axis, so that the integral of 
the Gaussian curvature K(y,s) is taken over the 
locus of points (7/2, y%) where the velocity lies in 
the plane. These expressions were first derived in a 
slightly different form by Preparp®), who used 
the heuristic method known as the “ineffectiveness 


x 
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concept” to extend to a Fermi surface of quite 
general shape the rigorous theory for an ellipsoidal 
Fermi surface given by SONDHEIMER"); the formal 
analysis for a general Fermi surface was given by 
KaAGANOV and AZBEL'8), 

From equations (4) we obtain a mean value, 


The average value of Y* 


(9, 6) of the crystal axes with respect to the normal 


over all orientations 


to the plane of the metal is, 


‘3 e* 
>>= x 


273 ww 7h 


dd | sin 6 dé 


sin 6 dé 


The integral in the numerator may be proved equal 
to 27S (when equation (1) follows at once) by 
means of a theorem which states that the ratio of 
the areas of corresponding elements of a surface 
and its spherical image is equal to the reciprocal 
of the Gaussian curvature. 9) 

Equations (4) are strictly correct only in 
‘“‘extreme anomalous limit’’ when the electron mean 


the 


free path is very much greater than the microwave 


skin depth, and when relaxation effects are 


neglected. DINGLE"®) has made a detailed evalua- 
tion of the theory for a free electron model, 
tabulating the surface conductance in the transition 
from the skin effect 
through ‘“‘anomalous skin effect without relaxation” 
limit with relaxation’. 


” 


conditions of “normal 


to “‘extreme anomalous 
The observed surface conductance for each metal 
is corrected by means of DINGLE’s tables to obtain 
the value corresponding to the ‘extreme anomal- 
ous limit without relaxation’’. 
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Table 1. 


Alloy 


Monel 
Brass 
Manganin 


resistivity p measured at 4:2°K. 


b. Conductance La of alloy, 1/ Ye 


Ss 


a. d.c. 


Surface conductance of brass calibration plate 


d 


Average 


== 27 (vp.) 


ii 

c. Measured ratio of conductance L¢ of brass plate to Xa. 
“3 - 

d. r.m.s. standard deviation of =* is 5-2 per cent. 


3. EXPERIMENTAL 
(a) Method 
The surface conductance of each metal sample was 
measured in an apparatus similar to one described pre- 
11) The sample forms one wall of a cavity resonant 
an evacuated 


viously 
at about 36 Gc/s, which is contained in 
enclosure immersed in liquid helium at 4-2°K. The sup- 
port for the sample, which constitutes its only thermal 
link to the helium bath, is of fairly high thermal resistance. 
microwave 


when power is 


The rise in temperature 
coupled into the cavity is indicated by the unbalance of a 
Wheatstone’s bridge, one arm of which contains a re- 
sistance thermometer attached to the sample. The micro- 
wave power absorbed is measured by substituting, in a 
heater attached to the sample, joule heating sufficient to 
produce the same unbalance. A simultaneous measure- 
ment of the power absorbed by the brass calibration 
plate forming the opposite wall of the cavity enables its 
conductance to be compared directly with that of the 
sample 

To calibrate absolutely its conductance &-, the brass 
calibration plate is compared with samples of three 
alloys, monel, brass and manganin. These were 
mechanically polished, finishing with alumina powder, 
and annealed. A rectangular block for d.c. resistivity 
measurement was prepared from the same batch of 
material. Comparisons with the monel and manganin 
samples before, after, and in the course of the experi- 
ments, showed no significant change of the conductance 
ratio &,./X,_, the average value for each alloy being 
given in Table 1. The , brass 
sample differs from unity presumably because the brass 


value of &,/X_ for the 


calibration plate was made from a different batch of 
material. The d.c. resistivity p is in all cases so high as 
to justify the use of the normal skin effect equation, 
1/X, 27/ (vp), to calculate the conductance Yq of 
the alloy. The frequency v was measured in each micro- 
wave experiment and never varied by more than about 
0-3 per cent from its average value 35-5 Ge/s. 


(b) Samples 


The zinc and cadmium, each of spectrographic purity 
99-9997 per cent, were supplied by the Consolidated 
Mining and Smelting Co., the magnesium of purity 99-99 
per cent by Magnesium-Elektron, in the form of rolled 
strip about 0-1 in. thick and 1-0 in. wide. Two samples of 
each metal were prepared, one from the strip without 
further mechanical treatment, the other cross-rolled per- 
pendicular to the length of the strip. The cross-rolling was 
carried out in two stages, each of approximately 10 per 
cent reduction, with annealing for one minute at 100°C 
after each stage. This procedure was intended to reduce 
the grain size by permitting recovery and some primary 
recrystallization after cold work. It was found that, for the 
zinc and cadmium, annealing at a higher temperature 
or for longer periods induced coarsening of the grain 
structure, presumably due to secondary recrystallization 
or continuous growth, and for this reason a low tem- 
perature solder (Sn/In eutectic) was used to attach the 
heater and resistance thermometer to the sample. A 
reduction of average grain size from about 0-13 mm to 
0-10 mm was achieved in zinc and cadmium, while the 
grain size in magnesium remained unchanged at about 
0-03 mm after cross-rolling and annealing. The cross- 
sectional area of the microwave cavity is about 10 mm? 
so that the measured conductance is an average over 
about 500-1000 grains for the zinc and cadmium samples 
and about 10,000 for the magnesium. 

The three metals were electropolished in solutions of 
orthophosphoric acid with water or ethanol.‘!2) Hori- 
zontal electrodes were used and the solution stirred to 
avoid the formation of bubbles at the anode. On removal 
from the solution the surface was washed in hot distilled 
water, rinsed in alcohol, dried, and inspected micro- 
scopically. The electropolish was repeated as necessary 
until the optimum degree of smoothness was achieved. 

The degree of preferred orientation of some of the 
samples was measured by means of an oscillating crystal 
X-ray The figures for an untreated 


camera. pole 
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magnesium sample (Fig. 1) show that the basal plane 
lies predominantly within about 45° from the sample 
plane. The distribution for a cross-rolled sample was 
rather similar. The zinc and cadmium showed a much 
less pronounced preferred orientation, with still some 
tendency for parallelism of the basal plane and the 
sample plane in the untreated samples but an almost 


random distribution in the cross-rolled samples. 


R,D. 


Fic. 1. Pole figures of rolled magnesium; R.D. rolling 


direction, S strong, M medium, W weak 


(a) basal plane (0001) (b) hexagonal prism plane (1010). 


The d.c. resistivity ratio between room temperature 
and 4:2°K of each metal was also measured, a wire of 
suitable dimensions being prepared by cutting a rec- 
tangular block from the strip and reducing with an 


etchant. 
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4. RESULTS 
The measured surface conductance & 
various samples of magnesium, zinc and cadmium 


for the 


is given in Table 2. The scatter of the four values 
of = for each metal may be attributed to variation 
of the degree of preferred orientation, to variation 
of the quality of the polished surface, or to random 
errors of measurement. Since there appears to be 
no systematic difference between the values for 
current parallel and perpendicular to the rolling 
direction or for samples cross-rolled and measured 
as supplied, the deviations are in fact treated as 
random errors. Accordingly the average <& 
is unweighted, and the percentage standard de- 
viation of ©3 is used to obtain an estimate of the 
accuracy of the final result. 

The conductance is corrected for relaxation and 
effects due to finite mean free path, using estimates 
of the mean free path and Fermi velocity obtained 
from the present work (‘Table 3) to calculate the 
appropriate parameters for substitution in 
DinGue’s tables.2°) The corrected value &,, is 
used to evaluate the area S of the Fermi surface by 
substituting %%, for <X3> in equation (1). 
This is conveniently expressed as in ‘Table 2 by 


Table 2. Surface conductance and Fermi surface area of magnesium, zinc and cadmium 


supplied 
65°5 66°0 
69: 
68: 66°6 
63° 
63-0 
61°6 


61:1 


prob. 
error 


Microwave current direction parallel and perpendicular to the original rolling direction of the metal 


strip as supplied is denoted by X and Y respectively. 
Measured ratio %/Z,. converted to absolute conductance % using the calibration constant 


Table 1. 


Ss £2 ° 
due 14°53 Q-1 from 


x ~» is the conductance in the extreme anomalous limit after correcting for relaxation and finite mean 


free path effects. 
r.m.s. standard deviation of &°. 


Fermi surface area expressed in atomic units, in which the unit of length in wave-vector space is the 


reciprocal of the Bohr radius. 


Free election area So = 1673(4/ 3/7a2c)?/8 for the lattice spacings ¢ and a at 4°K. 


(13) 


Factor r = 1-18 to correct for the anisotropy of & (see text). 
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its ratio S/So to the free electron value So for a 
spherical Fermi surface containing two electrons 
per atom. However this represents the lower limit 
of the true value, since as was remarked in §1 any 
anisotropy of = will result in the inequality 

=? , (1/5 >-3. For the tin (11) 
and copper") for which a detailed study of the 
of & the 


averages 


two metals 


anisotropy has been made ratio 7 
ye 3 >" 3 of 


dod 1/ 2s the 
estimated to be 1-25 and 1°11 respectively. The 


two was 


low value of r for copper reflects the fact that its 


Fermi surface is accommodated in the first 
Brillouin zone of the f.c.c. lattice and is not dis- 
torted too severely from a sphere, for which of 
course 7 1. The shape of the Fermi surface of 
tin is not known, but it must consist of several 
different Brillouin 


quadrivalent and has two atoms per unit cell, and 


sheets in zones since tin 1s 
the consequent distortion of the surface accounts 
for the high value of r. It would seem reasonable to 
adopt for the hexagonal metals under considera- 
tion a value of r between these two extremes, say 
the mean 7 1-18 with an accuracy of about 6 
per cent. S/So is accordingly multiplied by this 
factor to correct for the anisotropy of the con- 
ductance. 

An estimate of the probable error may be ob- 
tained by combining as random errors the 5 per 
cent standard deviation of the cube of the cali- 
bration constant (Table 1) and the standard de- 
the resultant 


viation of %* (Table 2, column qd), 
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being given in the last column of Table 2. The 
systematic errors mentioned in §1 have not been 
included explicitly in this estimate: the correction 
by the factor r has an accuracy of about 6 per cent, 
rather smaller than the above estimate of the 
probable error; defective polishing of the sample 
surfaces is thought not to have introduced a 
significant error; and the zinc and cadmium 
samples have little preferred orientation. For 
magnesium the preferred orientation is such that 
crystal directions within about 45° of the hexagonal 
axis are represented only to a small extent in the 
that the of the will 
accordingly be high or low if these directions have 
the 


average, so estimate area 


conductances lower or higher than true 


average. The value S/So = 0-33 for cadmium is in 
reasonably good agreement with the value 0-35 
CHAMBERS") using an 
cylindrical 1:2 Ge/s 
though he considered his estimate to be probably 


obtained by extruded 


sample at and 3:6 Gc/s, 
low since the sample did not have a good surface 
finish. 

The electron mean free path at 4-2°K for the 
particular samples used and the Fermi velocity 
were calculated from the experimental values of 
the Fermi surface area by means of equations (2) 
and (3), and are given in Table 3. These values 
represent averages over the whole Fermi surface, 
1/v 5-1, but this 
value of the Fermi velocity is still of rather more 


and also wv is in fact the average 


physical significance than that obtained in the 


Table 3. Electron mean free path and Fermi velocity of magnesium, zinc and cadmium 


1640 


2830 


Measured ratio between the d.« 

for polycrystalline sample 
Fermi surface area from 
Mean free path / at 4-2 


Coethcient y 


K from equation (2). 
of electronic specific heat 

Fermi velocity v from equation (3). 

Fermi velocity 


h. Relaxation time 7 = //v at 4-2°K. 


conductivities at 4-2°K, cHe, 


cm/sec 
x 10 


j/m/d 


x 10° 
1°34 


0-66 
0-71 


and at room temperature, or7. 


Table 2 column e corrected by the factor r = 1°18. 


vo for free electron model with two electrons per atom. 
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usual approximation of a quasi-free electron model 


with an isotropic effective mass. 


5. DISCUSSION 


The free electron Fermi surface 
corresponding to two electrons per atom is shown 
in relation to the first and second Brillouin zones 


of a hexagonal close-packed lattice in Fig. 2(a). 


spherical 


Fic, 2. 


c/a \/ 8/3 1-633 (cf. c/a 


(a) extended zone scheme showing overlap into the 3—4 zone at [' L 
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An interpretation of the available experimental 
data for the de Haas—van Alphen effect in zinc and 
cadmium by means of the free electron approxima- 
ion was suggested by Harrison™). In zine the 
observed de Haas—van Alphen oscillations"®) have 
periods and symmetry with respect to the crystal 
orientation appropriate to the needle-shaped 
pockets of electrons at K in the 3-4 zone of Fig. 2(c) 


Fermi surface for free electrons in relation to the Brillouin zones for a h.c.p. metal with 
1-623 for magnesium at 4°K). 


and K. 


(b) Holes in the 1-2 zone after remapping with I at the centre of the zone (after HARRISON‘*’) 


(c) electrons in the 3—4 zone after remapping in the 1 


2 zone according to the reduced zone scheme 


(after HARRISON(*)),. 


Overlap into the third and fourth zones occurs at 
at I’, Z and K. Because of the symmetry properties 
of the space group there is no energy discontinuity 
between the first and second zones along the edges 
and diagonals of the hexagonal face separating 
them."'”) They may therefore be remapped to 
form what we shall call the 1-2 zone, shown in 
Fig. 2(b), within which the energy is a continuous 
function of the wave-vector to a first order 
approximation. Fig. 2(b) illustrates the crown- 
shaped Fermi surface containing holes in the 1-2 
zone, and the free electron Fermi surface in the 
3-4 zone is remapped in a similar way in Fig. 2(c). 

The c/a ratio for zinc at low temperatures is 
1-8246"13) and the Brillouin zones are contracted 
in the direction of the hexagonal axis, resulting 
in an increased overlap at I’ and decreased overlap 
at L and K compared with Fig. 2(a). In Fig. 3 
showing the first and second zones and the free 
electron sphere for cadmium the c/a ratio is just 
greater than the critical value of 1-8607 at which 
overlap ceases at the zone edge K.“) 


and also the horizontal and diagonal arms of the 


crown-shaped pocket of holes in the 1-2 zone of 
Fig. 2(b). The experimental value of the cross- 
sectional area of the horizontal arm is a factor ten 





Fic. 3. Fermi surface for free electrons in relation to the 
Brillouin zone scheme of cadmium with 
c/a 1-862 at 4°K.(%) 


extended 
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smaller than the free electron value, which is 
attributed by Harrison to the effect of the crystal 


potential in depressing the energy in the 1-2 zone 


near the zone edge at F. 

In cadmium only de Haas—van Alphen oscilla- 
tions due to the diagonal arms are observed.) 
The absence of needles at K in the 3-4 zone in the 
free electron case (Fig. 3) is consistent with this 


result, and Harrison deduces from the absence of 








Brillouin zone 


how the 


4. Section through the extended 


Fic. 
scheme of cadmium to 
Fermi surface near F is perturbed by the crystal potential 


show schematically 


and how the holes near points equivalent to F are re- 
mapped to form a horizontal arm of the “‘crown”’. 


---- indicates wave-vectors connecting the segments 
of a sphere (cross-hatched regions) corresponding to 
the free electron Fermi surface; 

indicates wave vectors connecting the holes 
corresponding to the perturbed Fermi surface (shaded 
vanish completely when the arm is 


regions), whic h 


pinched off 


oscillations corresponding to the horizontal arm 
that the energy at the zone edge F is so far de- 
pressed by the crystal potential as to pinch the 
arm off. No de Haas—van Alphen oscillations due 
to the electrons at [’ and L in the 3-4 zone have 
been observed for either zinc or cadmium, pre- 
sumably because of the relatively large cross 
sectional areas and correspondingly short periods. 

An estimate of the of the Fermi 


surfaces of zinc and cadmium may be obtained in 


free areas 
the approximation of nearly-free electrons"” if 
the horizontal arm at F (Figs. 3 and 4) is assumed to 
be just pinched off in both metals, the energy at F 
being depressed by the crystal potential to the 
Fermi level. The secular equation for a point with 
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wave-vector R at F is, 


| 3k2-E 


Vio1 Voo2 


tk?—E Vio 


tk? —E 


Vi01 


Vo02 Vio 


where Vj9; and Voo2 are the Fourier components 
of the crystal potential corresponding to the plane 
waves (101) and (002) which connect F with the 
equivalent points as shown in Fig. 4; the units here 
are 47/\/3a a.u. for the x- and y-coordinates and 
27/c a.u. for the z-coordinate. Solution of equation 


(5) gives the eigenvalues, 


E = $k? —Vooe2 
and (6) 
E = sk? +3[Vooe2 a (Vigg +8V5,,))- 


For the point Z the solution of a similar secular 
equation gives the eigenvalues (each doubly de- 
generate), 

E = tk? + Vo, (7) 
and for a point Y along the diagonal arm (Fig. 3), 
the equivalent points to which are connected by 
the plane wave (100), the eigenvalues are, 


E = 4 2 — Vi00 
and 

163 2.38 Vins 4 2 s4eV72 Vy 
pk a[] 100 = \ (J 100 ' ° | ion)! 
The energy gap 2|Vjoi| at L is provisionally 
assumed to be large enough to prevent overlap 
there into the 3-4 zone, so that one obtains from 

equation (7), 
Vio > Eo—EL, (9) 
where £, and £ are the free electron energies at L 
and at the Fermi surface. The depression AE p of 
the lowest 
energy Ep at F is seen from equation (6) to be, 


eigenvalue below the free electron 


ne AEr = Vo02, 
if (10a) 


Vio | Vooez and Voo2 > 0, 


Vioal, 


(10b) 


bly (Vios 1 8V 501) - Voo2] 


|Vi01| > | Voool and Vooe > 0, 
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IV Vigo + 8V 191) +| Vooal] > V2| Vina, 
if (10c) 
Vooz < 0. 

The condition that the horizontal arm at F' should 

be just pinched off may be written, 


AEr = Er—E, (11) 


and the value of |Vj9:| obtained from equation (9) 
when substituted in equation (10c) is found to be 
inconsistent with equation (11), thereby ruling 
out the possibility Voge < 0. 

If it is now assumed that |Vj01| < |Vooel, 
equations (10a) and (11) give an estimate for Vo9e. 
The equation of energy surfaces near I" in the 
nearly-free electron approximation may then be 
written, 


\(Kr+x)?—E 


Vo02 


i(Kr—x)?-E 


Voo2 


’ P , ae (Kr . x)? 
E = (Kr +x?) + Vooz \1+——— 
| 002 
where * is measured from the point [’ with wave- 
vector Ky equal to half the reciprocal lattice 
vector. By equating the higher energy solution of 
equation (12) to the Fermi energy Ep and retaining 
only the first term in the expansion of the square 
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root, the equation of the Fermi surface in the 3-4 
zone near I" is obtained: 
’ 2 , ae 
Fo—($Kr + Vooz) = d(x, +) ), (13) 
> d 
Kr 2Er 
a= 1+— = 1+ — 
002 


’ 


Vo02 


where «x, and x 
parallel and perpendicular to Kr. The area of the 
ellipsoid of revolution described by equation (13) 
is then the required contribution of the electrons 
to the total area, since the area of the needle- 
shaped pockets of electrons at K estimated from 
the de Haas—van Alphen effect data is negligibly 
small. The number of electrons in the 3-4 zone, 
and therefore of holes in the 1-2 zone, is also 
given by equation (13), and the contribution of the 
holes to the area is obtained by scaling down the 
free electron area by the two-thirds power of the 
ratio of the number of holes. 

The assumption of the inequality, | Vio1| <|Vooe|, 


denote the components of x 


was necessary for the above analysis since other- 
wise it is not possible to estimate a value for Voo2. 
But for the opposite sign of the inequality the 
equation of the Fermi surface near I’ will not 
differ to any great extent from equation (13) so long 
as |Vio1| => |Voog|. In fact |Vioi| cannot be too 
large or the lowest eigenvalue at Y, 


(14) 


E = tk?-}[y (r=. +8V?,,)- Vi00], 


Table 4. Theoretical estimates of Fermi surface area of magnesium, zinc and cadmium 


Ratio of area to free electron value 


electrons 


Metal 
r 3 K sum 


0-286 
0-000 
0-147 


0-184 
0-130 
0-130 


0-470 
0-130 
0):277 0: 


0-000 
0-000 
0-000 


0-000 
0-000 


0-269 
0-000 





0-463 
0-142 


0-194 
0-142 


0-010 0-499 
0-040 0-175 
0-055 0:348 


0-372 
0-048 
0-185 


0-117 
0-087 
0-108 


holes 


0-530 


0-314 


501 
‘177 


-296 


Energy 

gap Ry 
‘ L 
total 
area 2V 101 


2 i “002 
free electron 
no overlap at L 


1-00 
0-44 
0-62 
0-41 


0-13+ 
0-090 overlap at L 
experimenta! 
1-00 free electron 
0-47 
0:39 


no overlap at L 


010+ 


experimental 


free electron 
0-119 Eo = 0-66 
0-119 Eo = 0°68 

experimental 


1-00 
0°35 
0-64 
0-60 


0-103 
0-103 
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will be so low as to pinch off the diagonal arm here; 
for the 
deriving equation (14) from equation (8), and the 
zero value of the energy gap between the first and 
second zones at K and 1” justifies the further 
that Vioo|. In the 


favourable case, with 


same reason Vj99 is assumed positive in 


Vi01 most 
Vi03 Vioo ; 
mated from equation (9) with the equality sign, 


the area of the diagonal arm at the narrowest point 


assumption 


Vio1 esti- 


is reduced to about 50 per cent of the free electron 
value in both zinc and cadmium, while for Vio9 = 0 
the reduction is to about 25 per cent. The former 
result is reasonably consistent with the experiment- 
al values for this area, which is about 80 per cent 
in zinc and about equal to the free electron area 
in cadmium. ‘14 

The results of the calculation are given in Table 
4, and the total areas are seen to be in reasonably 
good agreement with the experimental values. 


The assumption that in zinc and cadmium there is 


no appreciable overlap of electrons into the 3-4 


zone at L appears to be justified. If the absorption 
edge at about 0-090 Ry indicated by the infra-red 
reflection data for zinc'® is tentatively associated 
with the energy gap at L, the resultant overlap in- 
creases the total area to a value much greater than 
the upper limit of the experimental value. The 
theoretical estimate for cadmium is already, with 
rather higher than the experi- 
mental The 
made in the calculations, especially in estimating 


no overlap “ae Fs 


value of the area. approximations 
the area of the hole surface, are rather crude, and 
further analysis without the aid of other experi- 
mental or theoretical data is unprofitable. 

For magnesium the results of a band structure 
calculation by the orthogonalized plane wave 


method are available.©) There is overlap at I 
and 1, and also at K where the energy in the 3-4 
zone is further below the Fermi energy than in the 
free electron case. The areas of these regions and 
of the hole surface were estimated by the methods 
described above, but using the calculated energy 


Table 4. The 


size of the region of oy erlap at 1 is rather sensitive 


values, and the results are given in 


to the value chosen for the Fermi energy £o, 
and better agreement of the total area with the 


experimental value is obtained if a value for Eo is 
adopted about 0-02 Ry higher than the first pro- 
visional estimate of ()-66 Ry. 2!) 
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Abstract—An experimental equation of state for sodium has been obtained for pressures to 20,000 
atm and for temperatures from 20°K to the melting point. Various experimental details are given 
of an apparatus with which it is possible to obtain pressure-volume data which are reliable to 
+0-002 in AV/Vo over this range of temperature and pressure. The equation of state can be re- 
presented to within the above accuracy by an expression which is derived from the assumption that 
the isothermal compressibility is linear with volume and has no explicit temperature dependence. A 
discussion is given of the effect of these assumptions on the validity of calculations of the variation 
with volume of the temperature dependent contribution to the thermodynamic functions. Gruen- 
eisen constants as obtained from various definitions are calculated as functions of temperature and 
volume, and the validity of the Mie—Grueneisen equation of state as it applies to sodium appears open 
to question below room temperature. Recent high pressure ultrasonic experiments on sodium are 
interpreted as being in agreement with this conclusion. 


1. INTRODUCTION 
AN EXPERIMENTAL investigation of the thermo- 
dynamic properties of the simpler substances over 


a wide range of temperature and pressure is of 


considerable interest, since in these cases one can 
hope for an understanding of their behavior from 
basic principles. Recent theoretical work on the 
equation of state at absolute zero of the alkali 
metals") and the solidified rare gases?) gives results 
which are in fair agreement with experiment. -*? 
The separate problems of calculating and measur- 


ing changes in volume with pressure over a fairly 


wide temperature range are much more difficult, 
with neither explicit theoretical calculations nor 
experimental measurements (except for solid 
helium") of the temperature-dependent part of 
the equation of state existing for any solid. A 
simplifying generalization which has been useful 
follows from the assumption that the entropy of a 


* Contribution No. 873. This work was performed in 
the Ames Laboratory of the Atomic Energy Com- 


mission. 


+ Present address: Naval Ordnance Laboratory, 


Corona, California. 


substance depends on its volume only through a 
characteristic temperature. This leads to the Mie 
Grueneisen equation of state, ) which will be dis- 
cussed later. The validity of this assumption can be 
tested only by experiments in which thermo- 
dynamic functions are altered significantly by the 
variation of both temperature and pressure. 
Sodium was chosen as the subject of an initial 
investigation of the equation of state over wide 
variations of temperature and pressure because it is 
convenient to work with experimentally, and 
because it approaches an ideal metal in the behavior 
of many of its properties. The objectives of these 
experiments were two-fold; first, to extend previ- 
ous measurements at very low temperatures to 
higher pressure, and second, to investigate the 
effects of both pressure and temperature on the 
thermodynamic functions for sodium and to ascer- 
tain the extent to which their behavior could be 
expressed by the Mie—Grueneisen equation of state. 
The rather large sodium compressions which could 
be produced by the available pressure (— AV/Vo 
0-2 in 20,000 atm) were sufficient to cause sub- 
stantial changes in the temperature-dependent 
contributions to the thermodynamic functions. 
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Previous work on the equation of state of sodium 
includes several measurements of the volume com- 
pression at pressures up to 100,000 atm by 
BRIDGMAN, as well as a determination by him of the 
variation with pressure (to 20,000 atm) of the mean 
linear thermal expansion coefficient between 0 
and 95°C.‘7-11) SrecaL and QuimsBy have mea- 
sured the thermal expansion of sodium at zero 
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room temperature.®>7,9.14) The sample (with 
length approximately equal to diameter) was 
placed in a heavy-walled Carboloy cylinder (see 
Fig. 1b), the ends of which were closed by Carboloy 
pistons. This assembly was placed in a hydraulic 
press with long tension and compression members 
(Fig. 1a) which was used to apply force to the 
pistons. To a first approximation, the variations in 
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Fic. 1. ‘The high pressure press and measuring system which was used in 
these experiments. 


pressure as a function of temperature, ?) while 


DANIELS has used ultrasonic techniques at room 
temperature") to obtain the elastic constants and 
their variation with pressure for single crystal 
sodium. Pressure—volume data to 10,000 atm have 
also been published for temperatures of 4°K and 


77K.) 


2. EXPERIMENTAL DETAILS 
The general method which was used in this work 
resembles closely the techniques developed by 
BRIDGMAN to obtain rough compressions near 


the length of the sample with temperature and with 
applied force are directly related to the changes in 
volume if the shear strength of the sample is small, 
as is the case for the alkali metals.“>) The high 
pressure apparatus and the method of obtaining 
various sample holder temperatures between 
100°C and 20°K, as well as the various corrections 
which must be applied, are discussed in detail 
below. Essentially, the approximate nature of the 
techniques which were used limited the experi- 
mental accuracy to one or two per cent, the magni- 
tude of the uncertainty being difficult to evaluate. 
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The sodium used for these measurements was 
Dupont Reactor Grade,* with the only major 
impurity listed in a typical analysis being 80-100 
p-p.m. potassium (the concentrations of all other 
impurities were less than this by two orders of 
magnitude). The samples were loaded into the 
holders in a dry box, with some contamination of 
the surfaces likely. No extraordinary precautions 
were taken to prevent this contamination, since it 
was felt not to be serious for these relatively crude 
measurements. 

The apparatus which was used in these experi- 
ments has been represented by the two separate 
sketches in Fig. 1. Fig. 1(a) shows the hydraulic 
press, Dewar vessel, dial gauge housing, and cool- 
ing system. Fig. 1(b) shows the sample holder, 
feeler rod holders and dial gauge sensing arrange- 
ments. ‘This separation into a force-producing 
apparatus and a compression-measuring ap- 
paratus has been made since the design of the press 
is relatively arbitrary, while the measuring system 
evolved only after many difficulties had been 
encountered. These will not be enumerated, since 
the design which is given should have been 
obvious from the beginning. 

The hydraulic ram (Fig. 1a) was a commercial 
10 ton unit (Blackhawk) which was modified by the 
substitution of an “O”’ ring for the usual chevron 
packing. The oil pressure to drive the ram (up to 
10,000 p.s.i.) was supplied directly by a dead- 
weight gauge so that the force could be changed 
monotonically in equal increments, °14) The ten- 
sion and compression members were made from 
stainless steel and in order to reduce heat conduc- 
tion losses, their dimensions were chosen so as to 
give a safety factor of less than two with respect to 
yielding. ‘The two ball and socket joints assisted in 
the elimination of difficulties due to misalignment. 

The part of the press below the ram was enclosed 
in a continuously pumped metal dewar which was 
sealed to the mounting plate by an “O”’ ring. ‘The 
top of the press was enclosed by the vacuum- 
tight dial gauge housing so that the entire volume 
surrounding the press could be evacuated. ‘T’em- 
peratures above room temperature were obtained 
by means of the heater, and in this case the 


* We are indebted to Mr. D. A. SWALHEIM of the 
Sodium Products Sales Test Laboratory, E. I. du Pont 
de Nemours and Co., Niagara Falls, New York, for 
furnishing us with this sodium. 
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temperature was regulated by means of a thermo- 
couple (not shown) which used a switch on the pen 
drive of a recording potentiometer to activate an 
“on-off” relay in the heater current supply line. 
For work below room temperature, a cryogenic 
fluid from an external container (in this case either 
liquid nitrogen or liquid hydrogen) was drawn into 
the Dewar by pumping a partial vacuum in the 
space around the press. The bottom of the press 
(and, hence, the sample holder) was surrounded by 
a boiling liquid when working from 63°K to 
77°K or at 20°K, while a principle which has been 
described previously ® was used to maintain inter- 
mediate temperatures. The earlier apparatus used 
manual control of the gas pressure in the space 
surrounding the press to vary the rate at which the 
cryogenic fluid was drawn into the heat exchanger. 
The temperature of the press was regulated at any 
desired level by adjusting the flow of liquid so 
that the heat leak into the sample holder area was 
exactly compensated by the refrigeration contained 
in the fluid (both latent heat and enthalpy of the 
vapor). In the current apparatus, automatic control 
was obtained by using a copper resistance thermo- 
meter (of about 60 Q resistance) wound on the heat 
exchanger as a sensing element on a _ bridge 
circuit. The off-balance of this bridge was used to 
drive a commercial servo-amplifier-motor unit 
which operated a needle valve located in the rough 
vacuum pumping line. Thus, when the heat ex- 
changer temperature rose, the valve opened and 
more fluid was drawn in to cool the exchanger, and 
vice versa. The large volume of the space surround- 
ing the press caused considerable time lag and, 
hence, hunting in the heat exchanger temperature, 
but this was offset by the large heat capacity of the 
base of the press and a rather inadequate thermal 
connection between it and the heat exchanger. 
Thus, relatively large fluctuations in the heat 
exchanger temperature (of the order of several 
degrees) resulted in very small (0-5 degrees or less) 
fluctuations in the sample holder temperature. 
The problem of measuring accurately small 
changes in the length of the sample led to the 


measuring apparatus which is shown in Fig. 1(b). 
The dial indicator (Starrett, model 655-611, 0-2 
in, travel, 10-4 in. divisions) was calibrated against 


a precision micrometer screw (linear to 10~® in.), 
and only the most linear part of the range was used. 
The indicator body was mounted directly on two 
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6 mm quartz rods which rested in sockets on the 
upper feeler rod holder. The bottom feeler rod 
holder was in loose contact with the pin of the dial 
indicator as is shown in Fig. 1(b). Great care was 
necessary to insure that equal weight was supported 
by the individual rods in each pair, and the effects 
of friction were minimized as much as possible by 
keeping the rods strictly vertical. The great 
length of the rods (48in.) complicated these 
problems. Nevertheless, when all the adjustments 
had been made, changes in length of as little as 
0-5 could be detected (although not always 
believed). The ends of the pistons and the match- 
ing sides of the feeler rod holders were ground flat 
in order to prevent curvature from appearing 1n 
the initial portions of a P-V measurement. 

The sample holder cylinders (55B Carboloy, 
0-81 in. o.d., 1-0 in. long) 
were jacketed with a sleeve of hardened beryllium 


0-250 or 0-353 in. 1.d., 


copper (Berylco 25), 0-125 in. thick.* The sleeve 
was used because after many cycles (over 100) to 
20,000 atm, the Carboloy in the smaller cylinder 
appeared to fatigue and fracture with radial 
cracks. The jacket prevented flying fragments 
which on one occasion broke the quartz feeler rods 
and damaged a dial indicator. The pistons were 
made from 779 Carboloy and were roughly of the 


shape shown in Fig. 1(b). In general, the maximum 


sample pressure was restricted to 20,000 atm in 


order to prevent yielding of the sample holder in 
the course of a series of runs. Extrusion of the 
sample through the narrow gap between the 
pistons and the cylinder wall was prevented 
through the (0-030 x 0-030 in) 
triangular extrusion rings which were made from 
drill rod. 

Sample temperatures were measured with a 
was 


use of small 


copper-—col stantan thermocouple which 
clamped to the side of the sample holder cylinder. 
The wire from which this thermocouple was made 
had been calibrated previously in this laboratory, 
and the temperatures are believed to be accurate to 
better than 0-5°C. The thermocouple voltages 


* A convenient method for making the sleeve a 
shrink-fit to the cylinder was to machine the sleeve to be a 
slight press fit in the untreated condition and then to 
harden it in situ on the cylinder. The change in the 
density of the beryllium copper on hardening (of the 
order of one-half per cent) resulted in the application of 
considerable stress to the Carboloy after the end of the 


hardening treatment (2 hr at 325°C). 
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were measured using a Rubicon type B potentio- 
meter with a permanent record of the temperature 
as a function of time being obtained from a 0-100 
microvolt recording potentiometer which was 
used in place of a galvanometer. This recorder also 
was used to control the heater current for runs 
above room temperature, the switch which was 
attached to the recorder indicator having a 
hysteresis of about one microvolt or 0-03°C. 

The procedures which were used for taking and 
analyzing the data have been discussed in detail 
elsewhere, and will be mentioned here only 
briefly.“4:3) Indicator readings were taken at 
monotonically increasing and then decreasing 
pressures in increments of as little as 200 atm 
sample pressure in order to evaluate the effects of 
friction. Data for a typical run are shown in Fig. 2. 
The data almost always were smooth to 5 x 10-5 
inches (about iy), and, after a seasoning cycle to 
full pressure, were generally reproducible to this 
order of magnitude when successive cycles were 
made at the same temperature. 

The apparent pressures on the sample were cal- 
culated from the oil pressure in the ram (as given 
by the deadweight gauge) and the ratio of the areas 
of the ram and the sample holder piston. Any 
variation of these areas with pressure was ignored 
as being of second order in this calculation. The 
“true’’ 
obtained as the mean of the increasing and decreas- 
this displacement, with the 


pressure for a given sample length was 


ing pressures for 
assumption that the friction was independent of 
the direction of compression. ‘The two ends of the 
experimental hysteresis curves (see the inset in 
Fig. 2) show the effect of the change in direction of 
the friction force as the direction of compression 
was reversed. Finally, the compression of the 
sample was separated from the compression of the 
pistons and feeler rod pads and the expansion of 
the cylinder with pressure by subtracting a “press 
correction”? which was obtained from a similar run 
in the same sample holder using a sample of 
known compression (indium in this case). The 
increase in the area of the cylinder with pressure 
makes it essential that the known and unknown 
samples have the same length. The data which 
were used for the compression of indium“) can be 
represented by, 
(V—Vo)/Vo = —(AV/Vo) 
= —2:-66 x 10-®p+ 1-82 x 10-1p? (1) 
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where p is measured in atm. It always was found 
that the press corrections which were obtained 
through the use of these data were linear functions 
of the pressure. The magnitude of the press 
correction was of the same order of magnitude as 
the indium compression in the calibration runs, and 


is indicated in Fig. 2. Carboloy was assumed to 
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dependent and quite large, and include a contribu- 
tion due to the differential of the 


beryllium copper jacket on the cylinder. An 


contraction 


empirical temperature-dependent correction was 
obtained by using an indium sample, and this was 
checked by a calculation which used the thermal 
expansions and elastic moduli of the two types of 


Fic. 2. Atypical isotherm, showing the raw data in terms of the 


apparent change in length of the sample vs. 


have a negligible (within a few per cent) variation 
of its elastic constants with temperature, so the 
press correction was evaluated only at room tem- 
perature. This seemed to be the only reasonable 
course available, since no reliable data exist for the 
compression of indium at lower temperatures. 
The temperature variation of the extrapolation 
of the experimental data to zero pressure can be 
used to estimate the volume thermal expansion of 
the sample material. ‘The sample holder corrections 
for this purpose are 


necessary temperature 


sample pressure. 


Carboloy"?) and the beryllium copper.) 
Although the agreement was satisfactory, there is 
some reason to suspect that the thermal expansion 
data which we obtained for sodium are not as 
accurate as we had hoped. These difficulties will be 


discussed in the next section. 


3. THE EXPERIMENTAL DATA AND RELATED 
CALCULATIONS 


The experimental points for each isothermal run 


were plotted on a large-scale graph (as in Fig. 2) 
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and the friction correction applied by determining 
the mean pressure for each displacement. These 
corrected dial indicator readings were smoothed 
graphically and tabulated for equal increments of 
sample pressure (2000 atm for the small sample 
holder, 1000 atm for the large sample holder), 
with the lowest pressure being taken as 2000 atm 
and 1000 atm, respectively, for the two sample 
holder sizes. The initial portions of the curves 
were uncertain due to a rapidly changing friction 
and this procedure seemed to be more valid than 
to extrapolate the curves graphically to zero 
pressure. An IBM 650 
obtain a least-squares fit of these tabulated data to 


computer was used to 


various power series. Except in one or two Cases 
(which required a quartic equation), the data could 
be fitted by a cubic expression to within our mea- 
suring accuracy (roughly 10-4in.), and this cubic 
‘xpression was used consistently. Thus, the data 
as corrected for friction were reduced to a series of 


equations of the form; 
l = lo T b P+boP? T bgP3, (2) 


The machine-determined extrapolated length at 
zero pressure (/9) was used with the tabulated data 
to obtain the apparent changes with pressure of 
the length of the sample, /—/o, from which were 
subtracted the changes in indicator reading due to 
the press correction. Finally, these changes in 
length were divided by the zero pressure length of 
the sample (Lo(7)) (as from thermal 


expansion data) to give: 


obtained 


Al/Lo (V—Vo)/Vo —AV/Vo. (3) 


This expression was considered to be valid to a 


first approximation since the press correction was 
te 


evaluated in an identical manner. The values of 
AV/Vo as obtained in this manner are given in 
Table 1 for runs which were made with the two 
sample holders. 

The coefficients of the power series of equation 
(2 


a) 


can be used to give an analytic expression for 
AV/Vo, since the linear press correction affects 
only the coefficient b,. If b; represents the corrected 
value of this coefficient, then, 
—AV/Vo Al/Lo 

(b;P+ byP? tT bs P32) Lo 


a,P + aoP? 4 a3P3, 
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The coefficients a), a2 and ag, which were deter- 
mined, essentially, by a least-squares fit, also are 
given in Table 1. 

The agreement between the AV/Vo data as 
obtained with the two sample holders is satis- 
factory, and is perhaps better than could be ex- 
pected. The room temperature sample lengths 
were (}:1622 in. for the small diameter holder and 
()-2983 in. for the large diameter holder. The two 
runs at 297° K with the small holder were separated 
by a considerable interval of time, during which 
runs at lower and higher temperatures were made. 
The run with the large sample holder at 359°K 
gave inconsistent values of the 
length, and, hence, the data were normalized to fit 
onto a smooth isobar through the other data at 
10,000 atm. An attempt was made to obtain high 
pressure data above the zero pressure melting 
point (371°K) but these runs always ended with 
extrusion of the sample even though the sample 
pressure was kept considerably above the melting 


zero pressure 


pressure for the given temperature. 

An attempt was made to fit the AV/Vo data of 
Table 1 by an equation given by Brircn and 
derived from Murnaghan’s theory of finite 
strain.%9,3) Least squares fits of the data to this 
two constant equation were obtained through the 
use of the IBM 650. These fits always were found 
to have systematic deviations from the experi- 
mental data which seemed outside experimental 
accuracy. In particular, the initial compressibili- 
ties so derived appeared to be excessively high. It 
is not known whether the fault lies in the data or in 
the applicability of the equation. 

The data of Table 1 can be used to calculate the 
thermodynamic functions for sodium as a function 
of temperature and pressure only if the change in 
volume with temperature at zero pressure is 
known. In principle, the observed changes with 
temperature of the extrapolated sample length 
(Aly) at zero pressure (obtained from the least 
squares fit of equation 2) could be used to cal- 
culate this quantity. These were small (7-6 x 10-3 
in. when the small sample holder was cooled from 
room temperature to 20°K), and the correction for 
the sample holder contraction large (1-3 x 10~ in. 
over the same temperature interval). The situation 
was more favorable for the larger sample (the 
correction being less and the change in length 
greater), but our data were not as extensive. The 
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results of these calculations of the volume changes 


at zero pressure are given in Fig. 3, where a com- 


parison is made with values of AV/Vo calculated 


from direct linear expansion measurements due to 
SieGAL and Quimsy"!2). The deviations of their 
data from the small sample holder determinations 
seem outside our expected experimental error, but 


the agreement with the more precise large holder 


and 


C. A. SWENSON 

reasonable as a probable uncertainty. These data 
are identical to this accuracy with previous mea- 
surements to 10,000 atm at 4:2°K,®) while the 
room temperature results agree similarly with 
precise hydrostatic pressure linear compression 
measurements by BRIDGMAN"). The slight differ- 
ences found in making this last comparison are 
much smaller than would be expected from pressure 





RELATIVE CHANGES IN VOLUME OF 
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volume change in sodium with temperature at atmospheric pressure. 


data is sufficiently good so that we felt justified in 
assuming SIEGAL and QuimBy’s data rather than 
our own. The resulting molar volumes at zero 
pressure (assuming a value of 23-68 cm? at room- 
temperature) also are given in Table 1 for each of 
the temperatures at which a run was made. 

The evaluation of the accuracy of data such as 
these is difficult in view of the approximate nature 
of the pressure transmission and the empirical 
nature of the An 
estimate of about one per cent of the total com- 
+ 0-002 in AV/Vo) would seem to be 


determination of corrections. 


pression (or 


scale errors, for instance, or errors due to our 
friction corrections. The agreement with BripGc- 
MAN’s higher pressure data to 40,000 kg/cm* 
(which were obtained by a method which is the 
same as that described here) is not good, and the 
reason is not known.‘?»9) These data of BRIDGMAN’s 
are open to some question since he found it neces- 
sary to sheath his samples with aluminum or copper 
to prevent the alkali metals from attacking the 
Carboloy under pressure. We found this precaution 
to be unnecessary for sodium, at least. Finally, our 
values for (—a,) at room temperature should give 
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the zero pressure isothermal compressibility, and 
they are in reasonable agreement with the room 
temperature value of 1-64 x 10-> atm—! which can 
be deduced from the ultrasonic data of DANrELS13) 
(using (k7/ks) = 1-069 as discussed below). 

The temperature dependence of the ay, (equa- 
tion (4) and Table 1) shows considerable scatter. 
This is not surprising, since the precise values 
must depend strongly on the graphical smoothing 
of the individual isotherms which accompanied 
the application of the friction correction. Various 
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represent the 20°K isotherm and the open circles 
which represent the room temperature isotherms. 
There seems to be no explicit temperature de- 
pendence of the compressibility, and, to a first 
approximation, a linear dependence of this com- 
pressibility on the volume. A least-squares fit of 
these 82 points to a linear function gives, 


kp = —V-\(aV/@P)p = Af1—(Vpv)] 


= —3-09x 10-°[1—(V/15-61)] atm-1,_—_ (5) 


where the coefficients are as stated. 


eiaianilding = —+— 


} 
| 
ee 


a eae a ee ee 


20°K 
204°K 
297° K 
ALL OTHER 


22 
3 


as a function of molar volume. The solid 


line represents a least squares fit of the points shown to a straight line. 


empirical correlations were attempted in order to 
reduce the significance of this effect. ‘The most 
successful involved the plotting of the isothermal 
compressibilities (kpy = —V—1(eV/0P)7, 
equation 4) as a function of the volume for six 
pressures (0,2000, 5000, 10,000, 15,000 and 
20,000 atm) for each of the isotherms in ‘Table 1. 
The results of this plot are shown in Fig. 4. ‘The 
degree of overlap between low pressure—high 
temperature data, and high pressure-low tem- 
perature data is shown by the triangles which 


using 


Y 


The adequacy of this expression can be tested by 
verifying that in integrated form it represents the 
actual experimental data in ‘Table 1. The tem- 
perature dependence of the compressibility at zero 
pressure is due solely to the normal volume ex- 
pansion at zero pressure (Vo(7')), and this is 
included as an integration constant. ‘Thus, one can 
write, 

ia 1— exp(AP) 
AV /Vo — 


6 
exp(AP)—[1—v/Vo(T)]}2 °) 
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where A 3-09 x 10-5 atm}, 1 15-61 
cm®/mol and Vo(7') is the molar volume at zero 
pressure for a given temperature. ‘Typical values 
of AV/Vo as obtained from this expression are 
Table 1 for 10,000 atm and 20,000 atm. 


The agreement is well within the expected experi- 


given in 


mental uncertainties. This is gratifying, since only 
two adjustable constants plus the molar volume as a 
function of temperature have been used to re- 
present these data which were obtained in fifteen 
different runs at thirteen different temperatures. 
Equation (5) plus the zero pressure volume ex- 
pansion data have been used as the basis for the 
calculations which will be discussed in the next 
section. 

Equation (6) represents both the earlier linear 
low 


compression data of BripGMAN"!) and the 


within 
A and v 


these data give a zero pressure isothermal com- 


temperature data®) to experimental 


accuracy. ‘The constants which best fit 


10-5 atm—!, in good 
1-64 x 10-5 
from DANIELS’ 

1-069 is used. 


pressibility at 300°K of 1-60 » 


agreement with the value of kp 


atm! which can be calculated 
ultrasonic data if the ratio kr/ks 
Similarly, the pressure dependence of the bulk 


modulus can be calculated from: 
dBr/dP | j (7) 


At room temperature this varies from 2-94 at zero 
pressure to 3-12 at 2000 atm, with an average value 
of 3-03. In order to compare this with DANIELS’ 
average value of (0B;/0P)p 3-693) which was 
obtained over the same pressure range, a correc- 
tion must be applied both for the difference 
between the two moduli (B;/Br = 1-069) and the 
variation of this ratio with pressure (about three 
per cent). The net result is a calculated average 
value of dB,/dP in 2000 atm of 3-14 which is not in 
agreement with the ultrasonic data. 

Sodium at zero pressure exhibits a low tempera- 
ture martensitic transformation from its normally 
b.c.c. structure to a h.c.p. structure, and this 
transition can be induced by deformation at tem- 
peratures as high as 50°K.(°) The volume change 
(0-2 per cent) is so small that we could not have 
detected it in these experiments. However, there is 
the possibility that the relatively poorer agreement 
between the calculated and experimental AV/V o's 
for the two lowest temperatures (20°K and 50°K, 
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Table 1) is due to a slightly smaller compression 
for the h.c.p. phase than for the b.c.c. phase. 


4. DISCUSSION 


The functions for a one- 
component, single phase system can be calculated 
explicitly if the Helmholtz free energy, F(V, T’) = 


U—TS, is known as a function of volume and 


thermodynamic 


temperature.) It is convenient to use the following 
relationships and definitions: 
F(V, T) = Up(V)+F*(V, T) 
Up(V)+ U*(V, T)—TS(V, T) (3) 
—(0F /é V wr —dUp aV— 


(OF */0V)7 = Po(V)+P*(V, T) 


V-3Bry = (Vkr)"! —(0P/oV)r 


= d2Up/dV2+ (@2F*/0V2)p 
V-[Bo(V)+B*(V, T)). 


(10) 


Here, the subscripts (9) refer to temperature- 
independent quantities, and the asterisks (*) refer 
to quantities which are temperature and volume 
dependent and which approach zero at absolute 
zero. ‘These latter terms are, presumably, con- 
tributions due to the lattice vibrations. 

If the bulk modulus, B (or the compressibility), 
is to be a function of the volume only, then 
B,, = 0, P* is a function of the temperature only, 
and the volume dependence of #* must contain 
only terms which are linear in V. The entropy and 
the internal energy are related to the equation of 
state (P(V, T)) by the thermodynamic relation- 


ships, 


(¢ S/0V)r7 = (0P/¢ T)y 


—(€V/0T)p/(eV/eP)r = Blkr (11) 


(0U/eV)7 = T(eP/0T)y—P. (12) 

Since the temperature dependent part of the 
pressure, P*, is independent of the volume, one 
can write immediately that £/ky = constant 
= Bo/kro, where the subscripts (9) here refer to 
zero pressure. [No confusion should arise due to 
the different meaning of this subscript in equations 
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(8)-(10).] These equations can be written to give 
(aS/0V)r == Bo kro; S(V, T)- 


S(Vo, T) = Bo/Rkro(V — Vo) (13) 


(eU*/0V) = TBo kro — P* (14) 
where equation (14) has been written in terms of 
the temperature-dependent internal energy only. 

The linear volume dependence of F*, U* and S 
is a direct consequence of the assumption that ky 
does not contain an explicit temperature depend- 
ence. The temperature dependence of P* will 
depend on the constant which must be evaluated 
when equation (10) is integrated to obtain the 
equation of state. This is most conveniently intro- 
duced as the volume, Vo(7'), at which the pressure 
is zero for a given temperature (as in equation 6). 
Hence, using the linear dependence of ky on 
volume (equation 5), the pressure for a given tem- 
perature and volume can be written as, 

P(T, V) = A In(1—v/V)/(1 —v/Vo(0)) 
—A™ In(1—v/Vo(T))/(1 —v/Vo(0)) 


: Po(V)+P*(T). (15) 


P*(T) and the data which were used in its calcula- 
tion are given in Table 2. 
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The volume dependence of the internal energy 


can be calculated from equation (12) as, 
U(V, T) = U(Vo, T)+ 
TBolkro( V — Vo(T))— 
(v/A) In(Vo(T)/V)— P(V—v), 
(16) 


where use has been made of the constancy of 
B/kp for this model. At absolute zero, 


Uo(V) = Uo(Vo)—(v/A) In(Vo(0)/V) — P(V—»). 
(17) 


Uo(V) and Po(V) as calculated from equations 
(15) and (17) are given in Table 3 along with the 
experimental values of Po(V). 

Equation (16) gives the variation of the total 
internal energy with volume for a given tempera- 
ture above absolute zero. In general, it is useful to 
separate this into two contributions, one being 
due to the volume dependence of the lattice energy 
at absolute zero (equation (17) above), and the 
other involving only the lattice vibration or phonon 
contributions (U*(7, V)). Calorimetric data for 
the specific heat at constant pressure (Cp)@)) can 
be integrated from 7’ = 0 to give the enthalpy as a 
function of temperature at zero pressure, with the 


Table 2. The various quantities which were used to calculate the volume variation of the thermo- 
dynamic functions for sodium 


Vo(T)?, 


cm?/mol 


Bo x 1048, 
°K-1 


kro x 10°», 
atm~! 


-400 
405 
445 
459 
*512 
551 
‘600 
649 


0 
(0-3) 
(0°41) 

1-78 

1-99 

2-03 

2:03 


3-95) (2-03) 


(a) calculated from Ref. (12) 
(b) calculated from equation (5) 
(c) from Ref. (21) 

(d) calculated from Ref. (21) 


(e) calculated from equation (15) 


S(Vo, T)°, 
cal/mol deg 


U Teal T)¢ ’ 


cal/mol 


P*(T)e, 
atm 
0 
3-70 78 
314 
597 
900 
1220 
1546 
(1900) 


418 
927 
1610 
2300 
2970 
3660 
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Table 3. The variation of the internal energy and 

pressure of sodium with volume at absolute zero. The 

experimental data for 20°K also are given for 
comparison 


Po(V), 
atm Xx 10-3 
(exp) 


PAV), 
atm X 10-8 


V UAV), 


, 
cm3/mol cal/mol 


680 
489 
311 
209 
120-5 


—_ 


NM NM MH NH NH WN HW bo bt 
WWW DN bd 


> ¢ 


zero of energy being arbitrarily chosen as the 
energy at zero pressure and zero temperature. 
Thus, the absolute value of the enthalpy as cal- 
culated in this manner contains a contribution due 
to the work done in expanding the lattice as well 
as a contribution from the purely thermal vibra- 
tions of the lattice (or U*). Equation (17) can be 
used to correct for this difference between the 
enthalpy and the internal energy, with P in this 
*0(V) (the pressure 
at absolute 


expression now becoming 
which would produce the volume, V, 
zero, a negative quantity at low external pressures 
and high temperatures). ‘Then, 


U*(V, T) = Heai(P = 0, T)— 
(vA) In(Vo(T)/Vo(0)) + 
T(Bolkro)(V —Vo(T)) —P*(T)\V —»). 
(18) 


The linear dependence of U* on volume is found, 
and the data necessary for the evaluation of U* are 
given in Table 2. 

The foregoing outlines the expressions which 
according to the results of these experiments, can 
be used to calculate the thermodynamic functions 
of sodium as a function of volume for various tem- 
peratures. The calculation of the same quantities 
from first principles is quite difficult, and often the 
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simplifying assumption is made that the entropy 
(or specific heat at constant volume) can be re- 
presented by a law of corresponding states, 
S = S(6/T), where the total volume dependence of 
the entropy is contained in the characteristic tem- 
perature, 0.622) A special example is given by the 
Debye model, although no model need be 
assumed for the following discussion. If, and only 
if, S = S(6(V)/T), then one can write: 


P*(V, T) = T(V\(U*(V, T)/V) (19a) 


where 
—(d\n6/d\InV) = ['(V) = (BV/Cykr). (19b) 


This is the Mie—Grueneisen equation of state, 
with I’, the Grueneisen constant, being a dimen- 
sionless number which is of the order of unity for 
many substances. ‘3) A generalization is possible to 
the case where the entropy is made up of the sum 
of several terms, each of which can be written in the 
form S; = S,(0(V)/T). Then, a lj exists for each 
6;, and one can speak of the contribution to the 
thermal pressure or the thermal expansion of each 
of the terms as follows: 


PXY, T) = > RW, T) = V- ba Ty(V)U;(V, T) 
(20a) 
and 


—(dIn&/d InV) = TV) = BiV/Cyikr. 
(20b) 


An example of this is given by the independent 
contributions of the free electrons and the lattice 
to the heat capacity of a metal. The effects of these 
electronic terms have been ignored in the follow- 
ing discussion, which is concerned with tempera- 
tures at which the free electrons make a very small 
direct contribution to the thermodynamic pro- 
perties. 

All of the experimental quantities in equations 
(19a) and (19b) are known, or can be evaluated, so 
it is possible to calculate I" as a function of both 
T and V. I'(V) can be calculated from equation 
(19a) using equation (15) for P*, equation (18) for 
U*, and the data in Table 2. In general, since P* is 
dependent on the temperature only, and U* is of 
the form (C(T)+D(T)V), T is given by the 
expression, 


I(V, T) = (P*V|(C+DV)). (21) 





AN EXPERIMENTAL 


The results of this calculation are given for three 
temperatures (100°K, 200°K, 300°K) in Fig. 5. 
I also can be calculated from the right-hand-side 
of equation (19b), and the results of these calcula- 
tions for zero pressure are given as the open circles 
in Fig. 5 for the same temperatures. It can be seen 
that the two calculations are not in agreement 
below room temperature. This is not surprising, 


since the equations (19) are self-consistent only if 


I is a function of volume only, and Fig. 5 shows 
that this is not true at or below 200°K. 


—— 


——a 


P-V ISOTHERM 


D+Mac D 


200 °K 
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(DucGpALE and MacDonaLp) 
Cpm = —(V/2)(e2PV23/6V2)/(ePV2/3/eV)—(1/3) 
= (1/2)[(B/3)+(2P/9)—- 


—(BéB/éP)|((2P/3)— B)]—(1/3) (23) 


These have been calculated for room temperature, 
and are shown also in Fig. 5. The very small 
change in shape of the isotherms with temperature 


- 
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Fic. 5. The volume variation of the Grueneisen constant as given 
by various definitions. 


Other comparisons are possible. Since I is re- 
lated to the volume dependence of the character- 
istic temperature which, in turn, is related to the 
force constants of the lattice, one would expect a 
relationship between the equation for a pressure 
volume isotherm and I’. Two such relationships 
have been proposed in the literature for isotropic 
solids, one by SLATER?) and the other by DuGpDALI 
and MacDona.Lp°) (which does not seem to have 
a really firm theoretical basis).°°?) These expres- 
sions are given by, 


(SLATER) 
V'siater = —(V/2)(@2P/@V2)|(@P/6V)— (2/3) 
(1/2)(@B/@P)r— (1/6) 


results in only very small temperature dependences 
of these I’s, in contrast with those derived from 
equations (19). 

The statement has been made that the deriva- 
tives in equations (22) and (23) (at least, the first 
derivatives) must be taken at constant entropy. °? 
This consideration has been ignored in the calcula- 
tion of the pressure-volume isotherm I’s which 
are given in Fig. 5, since the differences introduced 
would be in detail rather than in general behavior. 
Another rather interesting consideration arises 
since the major contribution in both of these ex- 
pressions is due to (0B/¢@P). The adiabatic bulk 
modulus (which is obtained from ultrasonic mea- 
isothermal bulk 


surements) is related to the 
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modulus by the relationship, 


Bs = Br(14+(TVB2/krCy)) = Br(1+plT), 


(24) 
where I is defined 


equation (19b). The pressure derivative of Bg 1s 


given b 


(OBr/oP)7(1+pVT)-4 Br(0, CT /éP)r 


(OB7 OP)7(1 + ALT) 
VT(cpt 


The variation of BI’ with volume can be estimated 
from Fig. 5, equation (5) and the relationship that 
3/kr is constant for a given temperature. Since 
both 8 and I" decrease with decreasing volume, the 
effect of this second term is such as to decrease the 
difference between the pressure derivatives of the 
isothermal and adiabatic bulk moduli. In parti- 
cular, at room temperature, Bs and Br differ by 
about seven per cent, but the effect of the second 
term in equation (25) is to reduce the difference 
between their pressure derivatives to four per cent. 

The data shown in Fig. 5 can be combined with 
zero pressure values of the entropy and equation 
(13) to ascertain qualitatively the validity of the 
Debye model as it applies to sodium. First, tables 
of the Debye functions®) can be used to calculate 
the Debye @ at zero pressure by determining the 
values of 6/T to which the experimentally deter- 
mined entropies correspond. The entropy at 
20,000 atm can be calculated from equation (13), 
and a 20,000 atm can be 
similarly. Finally, the ratio (420,000/%) can be ob- 


value for @ at found 
tained by integration of the left-hand-side of 
equation (19b) and from equation (21). The results 
of these calculations are given in Table 4 for 
Table 4. Comparison of the change in characteristic 
temperature in 20,000 atm as given by the Debye 
model expression for the entropy and the Mie- 
Grueneisen equation of state 


(G290.600/4o)mcG 
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100° K, 200°K and 300°K. It again is not surprising 
that the results are in best agreement at room tem- 
perature where the small temperature dependence 
of I’ implies that a model containing a character- 
istic temperature is most likely to be correct. 

The failure of our simple assumption that the 
volume dependence of the thermodynamic func- 
tions depends only on a characteristic temperature 
is not surprising. This postulate requires that the 
lattice frequency distribution function first be 
the constant 
and, second, be 


independent of temperature at 
volume, unchanged in shape 
(although the magnitudes may be a function of 
volume) upon change in volume. Practically, this 
means that Poisson’s ratio must not be a function 
of pressure or volume.) Recent ultrasonic mea- 
surements on the variation of single crystal elastic 


constants with pressure have furnished data which 


allow a direct test of this assumption. “3,27-30) 
Two different Poisson’s ratios can be defined for 


a cubic crystal, 
o100 = (3Bs—2C’)/(6Bs+2C’) 


= (3Bs—2Cy4)/(6Bs+2Cy4), (26) 


9111 


where C’ =(Cy—Cy)/2 and Bs = (Cut 
2Cj2)s5/3.81) It can be seen by inspection that the 
logarithmic pressure derivatives of the elastic con- 
stants [(0 ln Bs/0P)r, (6 1n C44/0P)z, (2 1n C’/OP)7] 
must be identical if the I’’s are to be unchanged by 
pressure. DanigELs’ data give (in units of 
19-11 (dyne! cm~*)), (oO ln Bs/OP)r = 5-45, 
(CO ln C44/0P)r = 3-89, and (01n C’/0P)r = 3-86. 
Obviously, the condition that the Poisson’s ratios 
are unchanged by pressure is not satisfied. 

The variation of these ratios with volume can be 


calculated to give, 
—0-10, 
— 0-94, 


(2 In oj00/¢ In V)\r 


(6 1n o431/e InV)r 


SLATER draws an analogy between the effects of 
temperature and pressure on volume, and predicts 
that these derivatives should be positive.) His 
discussion does not take into account the fact that 
o can have an explicit temperature dependence at 
constant volume which can be different from the 
above in sign. The necessary data are not available 
for sodium, but calculations which can be made 
from more complete data for Cu, Ag, Au®® and 
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Al) show that o increases with temperature at 
constant volume, as well as exhibiting qualitatively 
the same volume effect as sodium. 

One major consideration which affects the cal- 
culations of the volume dependence of the thermo- 
dynamic functions is the range of their validity. 
First, the linear dependence of ky on volume 


implies a minimum molar volume for sodium of 


15-6 cm?; BRIDGMAN’s high pressure data show 
that appreciably smaller volumes can be obtained 
experimentally at 100,000 kg/cm2.'8:10) No explicit 
conclusions can be drawn, however, since it is 
difficult to know which of BRIDGMAN’s sets of data 
are to be preferred. Equation (5) and expressions 
derived from it should not be used for extrapola- 
tion to higher pressures. 

The problem of calculating thermodynamic 
functions from our experimental pressure-volume 
data is complicated further by the following con- 
siderations. At sufficiently high pressures, the 
frequency spectrum of the lattice will be shifted to 
frequencies which are so high that the lattice 
behaves essentially as if it were at absolute zero. 
Hence, S and U* will approach zero at both low 
temperatures and high pressures. Our assumption 
that kp is independent of the temperature at the 
constant volume does not give this result, since for 
temperatures above 150°K equations (13) and 
(18) (which are dependent only on this assumption) 
give zero entropy and internal energy only for 
negative values of the molar volume. 

The important missing factor is that even small 
deviations from this temperature independence of 
kp (well within our experimental accuracy) can 
have significant effects on S and U*. To see this, 
consider the bulk modulus to be given by the 
following, 


By(T, V) = Br(V)\(1+4(T7)) 
(aP/éV)p = dP/dV(1+%(T)), (27) 


where «(7') is a small number (of the order of a few 
per cent), and could not have been detected in our 
experiments. From this equation, one can write, 


P= PA(V)+XT)P(V)+A(T) (28) 


(a5/@V)n = (@P*/0T yy 


= (da/dT)Po(V)+(dA/dT) (29) 


EQUATION OF 


STATE FOR SODIUM 
(@U*/@V) 7 = T(éP*/éT)y 
P* = T(dx/dT)Po(V)+ 
T(dA/dT)—P* = P)(V){(du/dT)- 
x(T)|+(TdA/dT — A). 
(30) 


A(T) may be identified to a first approximation 
with P* as calculated previously (equation 15), 
with (dA/dT) = Bo/kro. One may also postulate 
that «(7') (which must be positive)? is of the form 
bT? (since by the third law of thermodynamics 
dx/dT must approach zero at absolute zero), and is 
(optimistically) of the order of 0-U1 at 300°K. The 
net result is that at 20,000 atm P* increases by 
about 7 per cent, (OS/0V)7 increases by 15 per cent, 
and (0U*/dV)r increases by 20 per cent, all with 
respect to their values with « = 0. At very high 
pressures, the effect of terms such as these may be 
expected to dominate the volume independent 
terms, although at much higher pressures «(7') 
must disappear, since negative entropies and 
thermal energies are as abhorrent as non-zero 
positive values. Perhaps «(6(V)/T) would be a 
better approximation. 

Thus, the changes in entropy and internal 
energy as calculated from our model are probably 
underestimated. Similarly, the thermal I”’s in Fig. 
5 would be expected to increase at the highest 
pressures because the P* and the 
decrease in U* are both more rapid than we have 


assumed. Accurate measurements of these quanti- 


increase in 


ties in the pressure range of interest would be very 
difficult. 


5. CONCLUSIONS 
The experimental pressure-volume isotherms 
which were obtained over a wide range of tem- 
perature (20-350°K) and pressure (0—20,000 atm) 
could be represented by an equation of state based 
on an isothermal compressibility which was tem- 


perature independent at constant volume and 
which varied linearly with the volume. This equa- 
tion of state was used to calculate the volume (or 
pressure) variation of the various thermodynamic 


functions, and these calculations were used as a 


+ This is in agreement with ultrasonic measurements 


on copper, silver, and gold where the derivative 


(dkr/éT)v was found to be negative. '*?7-78,29 
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basis for discussion of the validity of the postulated 
equation of state. It was found that the results so 
derived could be valid at high pressures only if a 
slightly temperature-dependent contribution to the 
compressibility were allowed, such that 
(Ok7/0T),, < 0. The magnitude of the effect which 
would be needed would be well within our esti- 
mated experimental error. The applicability of the 
Mie—Grueneisen equation of state to sodium also 
was investigated, as well as two other definitions of 
the Grueneisen constant, I, which are based on 
pressure-volume isotherms. The various defini- 
tions of I were found to be quite inconsistent, 
showing that below, roughly, 200°K, one cannot 
associate a characteristic temperature or a law of 
corresponding states with this metal. ‘This con- 
clusion could have been predicted, since ultrasonic 
measurements of the be 
interpreted to show that Poisson’s ratio for sodium 


elastic constants can 


has a definite volume dependence, and, hence, the 
lattice frequency distribution function must change 


shape as the volume is varied. 
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Abstract—Diffusion constants of monovalent thallium and divalent lead into potassium chloride 
(in the low temperature range of the latter) were evaluated by a new spectral method. Results ob- 
tained are summarized in Table 5. Q, the activation energy of thallium ions, was found to be some- 
what greater than that of the lead ions, the latter being about equal to the activation energy of the 
self-diffusion of the potassium ions. It is suggested that the comparatively small pre-exponential 


factor Do for lead is due to its complexation with cation vacancies. 
The results obtained on heating the pressed disks differed widely from those with the mixed 
powders. The difference is accounted for by assuming a prevalence of “‘grain boundary diffusion”’ 


‘ 


in the pressed disks, whilst 


‘volume diffusion’”’ 


is deactivated by the high pressure previously 


applied. The energy of activation with pressed disks is found to be about 10 per cent larger than the 
latent heat of fusion of the salts employed, namely thallium chloride and thallium sulphate. 


1. INTRODUCTION 

A KNOWLEDGE of the diffusion constants of ions in 
the ionic lattice is greatly desired, but the ac- 
cumulation of data is slow because of the experi- 
mental difficulties) encountered with the currently 
accepted methods. In a previous paper) a new 
method for the evaluation of the diffusion constants 
in alkali halides was proposed, making use of the 
characteristic optical absorption of certain cations 
in the ultra-violet when substituting an alkali 
ion in the lattice. The characteristic spectra are 
developed on heating the mixed powders, and the 
absorption is measured in pressed disks prepared 
from samples taken at intervals. 

In a preliminary study of this technique it was 
found that the spectra of certain cations, of com- 
paratively volatile chlorides, are developed during 
the process of mixing the powders. ? 

In this article we report the diffusion constants 
obtained by this method for monovalent thallium 
and for divalent lead in potassium chloride. 


2. THEORETICAL 


It is assumed that the powder is made up of 


cubical grains of nearly equal size, with a mean 


* This article is based on a Ph.D thesis submitted 
by R. R. to the Senate of the Hebrew University, 


Jerusalem. 


edge length /. If each cube of the foreign salt is 
surrounded by cubes of the alkali halide, and 
there is a good contact between the grains, the 
boundary surface through which diffusion takes 
place is equal to 6 /?. On integrating Fick’s second 
equation: 

d dc dc 

+ 

dx? 


= 7 D| 


dy? dz? 


and introducing the limiting condition” 4 Dt < 1, 
one obtains: 
M?rx (E;/E,)?1?x 
D (1) 
(612)2Co2t 361 


where M is the total amount of foreign ions 
(expressed in gram mols) diffused through the 
boundary surface, Co is the molar concentration 
of the diffusing cation in its salt, ¢ is the time of 
diffusion, /; is the optical density measured at the 
peak of absorption after time ¢, and /, is the maxi- 
mum density obtained for complete diffusion at 
time infinity. 

Thus, if £,, and / are known, D may be evalu- 
ated at any temperature simply by measuring 
FE, or otherwise, a mean value may be obtained 
from the slope of a plot of £;? versus ¢, from a 
number of measurements. 
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3. EXPERIMENTAL 
Materials 
All salts 


Analyzed”’ 


used in this work were 


reagents. 


Preparation of powders 
The salts were finely ground in a mechanical 
dried at 120°C, then accurately 


a Wig-L-Bug 


electric vibrator, in a plastic vial, to obtain mixtures 


mullite mortar, 


weighed, and mixed for 10 min in 


containing one per cent by weight of the foreign 
salt. These mixtures were further diluted by the 
same procedure to give 0-02 per cent TIC] and 
0-01 per cent PbCle. The total weight of each batch 


of powders was 2-3 g, from which ten or more 
disks could be prepared. 

The time of grinding, as well as other factors 
which might influence the size of the grains in the 
powders, was always the same. Photographs taken 
under the microscope showed that most of the 
grains were of similar size, cubic form, about 


20p on the edge. 


Heating at constant temperatures 


In experiments up to 200°C a vapour bath (of 


the vacuum drying pistol type, widely used by 
organic chemists for desiccating under reduced 
pressure) with various constant boiling liquids, 
was employed. At higher temperatures, an oven 
wound with nichrome wire and regulated by a 


“Fielden electronic precision thermostat’? was 


used. In both cases, the temperature was kept 
constant to + 1°C. The Pyrex vial containing the 
mixed powder was transferred from the desiccator 
into the preheated oven, and kept there for fixed 
intervals. ‘The portions taken for the preparation 
of a disk were measured out by volume with a 
funnel-shaped glass vessel, containing approxi- 


mately 200 mg potassium chloride. 


Pressing the disks 

\ Hilger potassium bromide press,“ and a 
Loomis 20 ton hydraulic press served for this 
purpose. The die total 
pressure of 25000lb was applied for 20 min. 


was evacuated and a 
The die was slightly heated during the same time 
to about 50°C, with the aid of a heating tape. The 
diameter of the circular die is 0-5 in., hence the 
force applied corresponds to a pressure of ~ 9 


tons per cm*. 


and R, 


“Baker 


REISFELD 


The disks thus obtained were clear and trans- 
parent, transmitting 70 per cent or more light in 
the near ultra-violet, and somewhat less at shorter 
wavelengths. When kept in the desiccator the disks 
did not tarnish for months. 


Measurement of spectra and optical density 

The spectra were taken with a Beckman DU 
spectrophotometer and photomultiplier. As a rule, 
points at intervals of 10 mp were measured, 
against air, over the range of 200-400 my, and in 
the neighbourhood of the characteristic absorp- 
tion peak at intervals of 1-2 mu. The disks were 
placed in one of the circular holes of the filter 
holder soon after pressing, and an additional 
phosphorus pentoxide tube in the cell compartment 
ensured a dry atmosphere at the time oi measure- 
ments. After taking the spectrum, the disks were 
weighed. 

The peaks of the absorption bands were situated 
at 247 and at 272 mp for the disks containing 
thallium and lead respectively. Disks showing a 
high absorbance, especially with thallium, ex- 
hibited a flat peak, supposedly because of the 
fluorescent nature of the materials. 

In order to evaluate the diffusion constants, 
the optical density E; was calculated as follows: 
The absorbance of a pure alkali halide disk, which 
had the same transparency in the spectral range 
320-400 mp as the disk containing the foreign 
metal cation, was subtracted from the measured 
value at the wavelength of maximum absorption. 
The result was then corrected for the weight of the 
disk to a standard of 200 mg, assuming direct 
proportionality between weight and absorbance. 
The actual maximum variance in the weight of 
the disks was + 10 per cent. 

Disks prepared from the powders, containing 
lead chloride, soon after mixing (but without 
heating) did not show any absorption bands, but 
those containing thallium chloride exhibited a 
characteristic absorption, corresponding to 4-5 
per cent of the thallium in the mixture. Hence, 
diffusion of thallium took place to this extent 
during mixing and pressing. 

The optical density E. of a 200 mg disk after 
total diffusion was ascertained in two ways: (a) 
by heating the mixed powders for a sufficiently 
long period; (b) by wetting the powders, drying, 
and regrinding. The mean of a large number of 





THE:DIFFUSION CONSTANTS OF THALLOUS (TI+) AND LEAD (Pb**+) IONS IN KCI 





™ logle/! 


1S.) 


1 
0% ‘% 


02 





| 
r 
‘ 


0 


wave length mu 


Fic. 1. A few typical spectra of doped potassium chloride disks pressed after 


heating 


. Pure KCl 


the mixed powders. 


. KC1:PbCle, 0-01 per cent, 350°C, 20 min. 

. KC1:PbCle, 0:01 per cent, 350°C, 60 min. 

. KC1:TICI, 0-02 per cent, 187°C, 1 hr. 
KC1:TICI, 0-02 per cent, 187°C, 8 hr. 


such measurements gave the values 1-50 and 1-20 
for the 0-02 per cent KCI:TICI and for the 
0-01 per cent KCI]:PbCle mixtures respectively. 


4. RESULTS 
Diffusion measurements in powders of potassium 
chloride 
Measurements on potassium chloride powders 
containing 0-02 per cent thallous chloride were 
made in the temperature range 150-200°C, and 


in potassium chloride powders containing 0-01 
per cent lead chloride, in the temperature range 
300-375°C. A few typical spectra of disks, com- 
pared to air, are shown in Fig. 1. Fig. 2 shows 
plots of F;2 vs. t in “thallous chloride” and in 
“lead chloride’ powders at various temperatures. 
It may be seen that in all cases the experimental 
points lie on a straight line up to a high fraction 
of the total density, this being almost 70 per cent 
in the case of the thallium chloride disks and some- 
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what less in the case of the lead chloride disks. 
It should also be noted that the plot of the latter 
mixtures starts at the origin, whilst the extra- 
polated thallium chloride lines cut the abscissa at 
a value equal to minus 4 hr. This is in accord with 
the observation that unheated “thallium chloride’’ 
disks exhibit a low absorption spectrum, i.e. some 
preliminary diffusion has taken place at the time 


of mixing. 


and R. 


REISFELD 


One of the eight consecutive values given in 
the Table differs by almost 25 per cent from the 
rest. Rejecting this, the mean deviation is 4-6 per 
cent. Considering the various possible sources of 
error, such as incomplete mixing, fluctuations in 
temperature, and instability of the readings of the 
spectrophotometer, this small deviation from the 
mean appears very satisfactory. 

In Fig. 4, log D was plotted vs. the inverse of 


40 time in hours 











1 





time in hours 


;. 2. Square of measured optical density vs. time of heating at tempera- 
tures indicated (£;? vs. t). Arrows on curves indicate scales employed. 


In Fig. 3, log E; vs. log t was plotted. (For the 
thallous chloride series the time values were cor- 
rected by the addition of 20 min to the actual 
times.) In this plot also the points of each series 
of measurements lie on a straight line with a slope 
equal to 0-5, as required by equation (1). Hence 
after substituting the appropriate values for the 
constants in the last equation (/ 20 x 10-4 cm; 
E,™ = 1-50; E.,F? 1-20), D, the diffusion 


constant in temperatures, 


cm? sec™!, at several 
was Calculated from the slope of the straight lines 
exemplified in Fig. 2. The data thus obtained are 


Table 1. 
As a matter of fact, D may be evaluated from 


summarized in 


each individual measurement, and it is of interest 
the 
graphically. For this purpose a series of measure- 
ments with 0-02 
given in ‘Table 2 in detail. 


to compare these to mean value obtained 


per cent thallous chloride is 


the absolute temperature. The points for both 
thallous and lead chloride lie on straight lines, from 
the slopes of which the energies of activation QO 
were calculated. Substituting these in the 
Arrhenius equation D = Do exp(—Q/RT), one 
obtains the expressions: 
Dy\+ = 7:14 exp(—25,200/RT) cm? sec 

and 


Dpp++ = 4:41 x 10-8 exp (—22,820/RT) cm? sec! 


in the temperature ranges mentioned. 


Diffusion in powders under reduced pressure 


In order to find out the effect of atmospheric 
pressure on the calculated diffusion constants, a 
few series of experiments were carried out in partly 
evacuated vessels. The temperature in these ex- 
periments was hand-regulated by a “powerstat”’ 
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. Log EF: vs. log t plots for powders. For lead 
chloride mixtures use upper time scale. 
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Fic. 4. Arrhenius plot of the diffusion constants D 
obtained with KCI:TIC] and KCI:PbCle powders 
(n = 13, or 12 resp.). 
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Table 1. Diffusion constants of thallous chloride 
and lead chloride in potassium chloride 


Thallous chloride Lead chloride 


Dx 10?” Dx10" 


0-65 
4-70 
8-36 
17-0 


and measured by an ordinary mercury thermo- 
meter in outer contact with the tube holding the 
powders. The results obtained with three batches 
of KCI:TICI powders, at about 150° (I and IT) 
and at about 155°C (III) after heating for two 
hours, are given in Table 3. 

Clearly, reduction of atmospheric pressure in- 
creases the absolute rate of diffusion, but this 
effect becomes smaller the higher the vacuum. 


Experiments with thallous sulphate 
Powdered 0-021 

KC1:TlgSO4 were prepared so as to contain an 

equivalent amount of thallium to the KC1:TICl 


mixtures. of per cent 


mixtures. The development of the spectra was 
slower with the thallous sulphate than with the 
chloride, and experiments were carried out at 
higher temperatures. The expected full optical 
density was attained only at 400°C; at lower 
temperatures the diffusion seemed to approach 
a lower limit even after prolonged heating. Fig. 5 


GLASNER and R. 


REISFELD 


Table 2. D for 0-02 per cent KC1:TICI, at 150°C 
calculated from single points 


AD x 1038 


Dx 1038 


6°63 — 0-13 
6-33 —0-43 
‘21 +0°45 
08 +0-32 
(2 +0-26 
+32) 

50 —0- 


56 


0-420 
0-442 
0-533 


0-707 


wMuntintint 


— 


mean: 6°76 + 0°31 
La 


| | = 0:3 3 
- = 0-31 x 1018 
A j “ 


* Corrected, to account for preliminary diffusion. 


Si AD)? 


shows the £;? vs. time plots in the temperature 
range 190-400°C. Each of the curves obtained has 
an initial linear portion that cuts the ordinate at a 
relatively high point. From the slopes of these 
straight lines, the apparent diffusion constants 
were calculated in the same way as above. Also, 
on plotting the logarithms of the slopes AE;*/At 
vs. the inverse of absolute temperature (Fig. 6), 
the energy of activation was obtained. Thus, the 
results with thallous sulphate may be presented 
by the expression: 


4 


Dy\2804 = 5:2 x 10-8 exp (— 10,800/RT) cm?sec™} 


Table 3. Diffusion of thallium in potassium chloride under reduced pressure, at 150-155°C, 


heating time 


Pressure a 
Et x 108 


= 2 hr. 


II] 








O.D. prior to 
heating 
*695 mm 
60 mm 
9mm 

0-5 mm 

0-3 ph 


Dx 102 Et x 108 Dx10!2 | Ex 108 | Dx 10? 


* Normal barometric pressure in these laboratories. 
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Fic. 5. Diffusion of thallium in KCI:Tle2SO4 powders 


Diffusion in potassium chloride disks 
Several series of measurements were made with 
KCI:TICI and KCI:TlgSO4 disks prepared from 


the unheated powders (of the same concentration 


as above) in the temperature range 150-450°C. In 
these experiments the disks often lost their trans- 
parency after continued heating, especially at the 
higher temperatures, and had to be re-pressed 
before measuring their spectrum. This was 
accompanied by a small loss of weight, and an 
improvement in transmission. The £;? vs. time 
curves (Fig. 7) resemble in many respects those 
obtained with thallous sulphate powders. The 
Arrhenius plot of the initial slope of these curves 
is shown in Fig. 6, and the expression for the 
apparent diffusion in the pre-pressed disks may 


be represented by: 


a ’ » 
Drici = 4:21 x 10-1 exp (— 4670/RT) cm? sec 


ad ™ s) 
Div esoa= 491 x 10- exp (—6860/RT) cm? sec! 


5. DISCUSSION 
The straight lines obtained on plotting log E; 
vs. log t, with a slope equal to 0-5 (Fig. 3), prove 
that the slowest step in a probable sequence of 
reactions, i.e. the reaction rate measured, is 
actually that of diffusion. Simultaneously, Figs. 2 
and 3 prove the basic validity of equation (1), but 
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Fic. 6. Arrhenius plot of slope of diffusion curves: 
. KCI:TICI, disk; 2. KCl:TleSOua, disk; 3. KC1:TleSO4, powder. 
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Fic. 7. Diffusion of thallium in KC1:TICI and KC1:TleSOx, disks. 


not the assumptions with respect to the area of 
the face-boundary through which diffusion pro- 
gresses. Comparing the present values for the 
diffusion of cations in alkali halides with those 
available in the literature,“ it appears that 6/ 
(where / is the mean length of the edge of a powder 
grain) is not far wrong. Yet, for a critical evaluation 
of the diffusion constants, as well as other related 
parameters obtained in this work, a closer 
knowledge of the area of the face boundary is 
necessary. 

Altogether in a heap of powders one would not 
expect a perfect contact between the grains. There 
are two possible mechanisms by which contact 
between grains at short distances may be improved: 
(a) surface diffusion (to be discussed later), and 
(6) sublimation. ‘The experiments at reduced 
pressure (‘Table 3) are indicative of the mechanism 
occurring; £; as well as D appears to increase 
when the pressure is reduced, and it may therefore 
be concluded that sublimation occurs. The latter 
is limited, at atmospheric pressure, by the “mean 
free path”’ in air, this being of the order of magni- 


tude 10-5cm.?) Hence, the very small vapour 


pressure of thallous and lead chloride, at the tem- 
perature of the experiments, suffices to bridge 
small gaps between these salts and the potassium 
chloride grains. ‘The mean free path is inversely 
proportional to pressure, but at high vacuum the 
effect of change of pressure on £; becomes 
negligible, i.e. in spite of the very large mean free 
path, the foreign salt does not spread all over the 
surface of distant potassium chloride grains, being 
prevented from doing so by the wall of grains 
circumscribing the foreign particle. 

To summarize, the surface of the potassium 
chloride cubes facing a foreign particle, at distances 
less than about 1 p, are covered by the sublimate 
at atmospheric pressure. As pressure is reduced, 
the coverage increases two- or threefold, but not 
more, as evidently only a small fraction of the 
foreign salt is able to escape through the slits in 
the ‘“‘enclosure’’. Hence, when working at atmo- 
spheric pressure the assumption that the “face 
boundary”’ is equal to 6/? is a good first approxima- 
tion, this being a reasonable fraction of the total 
area of the potassium chloride grains facing a 
foreign particle. 
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With respect to the effect of increasing tempera- 
ture on the extent of sublimation, neither the 
increase of the mean free path nor that of the 
vapour pressure could have an influence com- 
parable to that of a tenfold reduction of external 
pressure. This may be surmised from examination 


of Table 4 (which lists) melting points (M.P.), 


Table 4 


Substance | 


TIC 
T1Br 
TleSO4 
PbCle 
BiCls 
HgCle 


boiling points (B.P.) in degrees Centigrade, latent 
heats of fusion (Zr) and latent heats of vaporization 
(Ly), per gram mole, of a few relevant salts). ‘The 
activation energies Q obtained in this work should 
therefore be very nearly correct, although the 
absolute values of D and Do may be in error by a 
small factor. 

It must be pointed out that in a previous article) 
on the absorption spectra of mercury, bismuth and 
antimony halides in pressed alkali halide disks, 
it was observed that the spectra of these cations 
are fully developed without heating of the powders, 
owing to the volatility of their halides. ‘This is so 
because the low melting points and low heats of 
fusion (Table 4) undoubtedly assist the surface 
diffusion of these salts, so that large surfaces of 
distant alkali halide particles are covered by them. 
The resulting great dispersion of these volatile 
salts makes them unsuitable for a diffusion study 
by the present spectral method. 

The advantages of the method with less volatile 
salts are evident; results may be obtained on 
heating for short intervals, and the techniques 
and the mathematical equation for calculating D, 
the diffusion constant, are simple. Moisture must 
be excluded as it increases the surface boundary 
by dissolving the salts. 

Diffusion constants may be obtained from a 
single measurement of the absorption peak, or a 
more reliable mean value results from a series of 
measurements (‘Table 2). 


Zz 


4260 
5990 


5650 
2600 
4150 


353 


When a certain amount of the foreign cation has 
diffused, there is a change in the slope of the E;? 
vs. time curves (Fig. 2); equation (1) is no longer 
valid when the limiting condition 4 Dt < 1 has been 
passed. In the case of thallium chloride, equation 
(1) seems to hold up to 70 per cent or more of the 
total amount of the foreign ion in the mixture. 


24,420 
23,800 


5500 - } o— 
29,600 
17,350 
14,080 





With lead chloride the bend in the curves occurs 
at a lower percentage. This may be due to the 
difference in the lattice of the two salts in the 
mixtures. The influence of the lattice is even more 
obvious in the case of thallium sulphate, where as 
a result of the process of diffusion an intervening 
layer of mixed potassium-thallium sulphate is 
formed between the original potassium chloride 
and thallium sulphate layers. This explains the 
very low apparent Do value obtained with the 
thallium sulphate mixtures, as well as the inequality 
of the activation energies, Q, with those of the 
thallium chloride mixtures. It is thought that Q 
in this case may stand for the energy of activation 
of the diffusion of thallium ions in the mixed 
potassium-thallium sulphate lattice. 

Table 5 contains a summary of the constants 
of the Arrhenius equation obtained in this work, 
and a comparison with some of the scanty data 
available from previous publications. The con- 
stants for the diffusion of thallium and lead in 
powder mixtures are of the same order as those 
obtained by more conservative methods. The 
energy of activation for thallium is larger than that 
for lead, or for the self-diffusion of potassium. 
This may be due to the larger size of the thallium 
ion, as was to be expected with a mechanism of 
diffusion through vacancies. 

The ratio of Do values for thallium and for lead 
is of the order of 108. Such, and even wider, varia- 
tions had been observed with other cations. Hence, 
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Table 5 


Temp. 
range, 


Diff. ion 


ie cm? sec™! 


Do QO 


kcal/mol 








in KCl 


150-200 
300-375 
190-400 
150-400 
300-450 


T+ 
Pbt++ 
Ti*(TleSO4) 
Tl* disk 

TI* disk 
(TleSOx4) 


K+ 460° 


in NaCl 
Nat 
Cut 


any conclusion with respect to the Do values is 
bound to be somewhat speculative. Yet, in the 
case of the small observed value for lead, it could 
be attributed to the retarding effect of a cation 
vacancy complexed with the divalent lead ion.“?) 
The latter may fluctuate between the two lattice 
points at its disposition, but its chances of ad- 
vancing in any one direction are thereby reduced. 

For the diffusion of a divalent impurity complex 
one has to assume either a previous dissociation 
of the complex or a sequence of jumps described 
by Liprarp"®), in which (a) the impurity changes 
place with the vacancy (with probability w2) and 
(b) the vacancy jumps around the impurity ion 
from one associated position to another (with 
probability w;). By assuming the latter mechanism, 
Lip1arD explained the much larger absolute 
diffusion coefficient of zinc ions in sodium 
chloride than that of the sodium tracer, observed 
by Chemla in the intrinsic range. Even if LiDIARD’s 
assumptions prove to be right in the intrinsic 
range, they may not be so at the lower temperatures 
of the impurity range. However, there are two 
conditions, sine gua non, for the above mechanism, 
as stated by Lipiarp (Ref. 13, p. 337): “Owing to 
the double charge on the impurity ion it is to be 
expected that the potential energy barrier opposing 
its movement will be increased and that the con- 
dition w2 < w, will almost always be satisfied.’”’ But 
actually the activation energy for the diffusion of 
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the zinc ion is found to be only 0-46 eV as against 
0-77 eV for the self diffusion of the sodium ion. 
Hence it seems more probable that w2 > w, and 
w, being “very small” “‘it is clear that the impurity 
ion merely jumps backwards and forwards 
without progressing very far on the average’. 
The large diffusion coefficient of the zinc ion 
should therefore simply be attributed to its low 
activation energy. 

The very low values for Do and for Q observed 
in the experiments with disks pressed before 
heating, is surprising. These results may only be 
due to the high pressure applied, i.e. a volume 
disactivation of the vacancy mechanism. ‘!415) 
Further experiments under progress in this labora- 
tory confirm the above conclusion. The measured 
activation energies QO are therefore thought to be 
due to a surface diffusion on the grain boundaries. 
The actual values 4-67 and 6-86 kcal/g mol for 
thallium chloride and thallium sulphate re- 
spectively are about 10 per cent higher than the 
molar heats of fusion of these salts (see Table 4), 
suggesting a straightforward relation between 
these two parameters. 

The “apparent” Do values (4:2-4-9 x 10-19 
cm? sec-!), very nearly the same with both 
thallium salts, are a direct result of the very much 
smaller area of the available face boundary for 
surface diffusion, compared to that of volume 
diffusion. Hence, in the mixed powders, both 
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volume and surface diffusion occur, but owing to 
the large face boundary of the powdered salts, 
the part of the surface diffusion in the total 
diffusion of the foreign cation may be neglected, 
in spite of the much higher activation energy of 
the volume diffusion. On the other hand with 
pressed disks, while the volume diffusion is re- 
stricted, the spectral method affords means of 
measuring surface diffusion on the grain 
boundaries. The advance of surface diffusion in 
pressed pills of alkali-halides, in front of the volume 
diffusion, has been radiographically observed by 
BENARD and LAURENT“®), 
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R. A. Smiru: Semiconductors. Cambridge University 
Press, London, 1959. xvii + 494 pp., 65s. 


THE supjEcT of semiconductor physics has ex- 
panded, and is expanding, so rapidly that few 
have dared write a book on this subject that might 
be out of date by the time of its publication. There 
have been, it is true, several accounts of transistor 
electronics and of the more elementary aspects of 
semiconductors. Where these texts have dealt with 
the physics of semiconductor behavior, they have 
been describing material generally regarded as 
established by those in the field. The main 
advances in understanding in the past decade 
have been included in a number of review articles 
that could cover only part of this wide field, and 
were occasionally only marginally committed to 
an attempt at pedagogical clarity. 

Of the books available at an intermediate level, 
Dr. Smirn’s effort must rank as one of the best. 
It is not, and does not pretend to be, a rigorous 
quantum-mechanical treatment of the subject; 
none of the recent books known to me are. It is, 
instead, a very readable account, from a physical 
point of view, of those topics that have been most 
investigated in the past few years. Dr. SMITH 
presents his material at a fairly constant level of 
difficulty, apparently choosing those proofs and 
demonstrations that will most easily persuade his 
reader. In so doing, he succeeds in avoiding to a 
large degree the pitfall into which many such texts 
fall: that of presenting the facile explanation that 
is really misleading, and requires correction at a 
later stage. After several years of teaching semi- 
conductor physics at about this level to graduate 
students at an American university, I can say with- 
out reservation that this book is easily the closest 
to a good general text that we have tried. 

The book opens with a discussion of some 
elementary properties of semiconductors, then 
passes on to present a review of the behavior of 
electrons moving in periodic potentials. The third 
chapter discusses the general imperfection in 
crystal lattices before particularizing to sub- 
stitutional foreign atoms in Group IV and Group 
III-V semiconductors. The chapter closes with a 
brief discussion of excitons. 


There follows a chapter on statistics, followed 
by a lengthy phenomenological treatment of 
transport phenomena, partly from the approach 
of the Boltzmann equation, and partly from con- 
sideration of the kinetics of the average particle. 
In the same chapter the major scattering mechan- 
isms are discussed. 

After a short chapter on thermal effects, we 
find a longer one—yet perhaps not long enough, 
in view of the great present interest in the subject— 
on the optical and magneto-optical properties of 
solids. This seems to be the place where it is 
evident that the writer must either survey the 
material and briefly report the quantum mechanic- 
ally derived formulae, justifying those parameters 
in them that are easily explained, or settle down to 
a thorough-going explanation with no details 
omitted. The latter approach is not possible here, 
granted the original premises for the structure of 
the book. It is worth noting, however, in passing, 
that there is no one text at the moment that covers 
all of the material of this one at the higher level. 
Although such a well rounded, consistently- 
written account would be hard to write, it is one 
of the most books in semiconductor 
physics today. 

To return to the details of the present work, 
the eighth chapter treats at length drift and 
diffusion theory, followed by a short discussion 
of recombination mechanisms and _photocon- 
ductivity. One recalls that separate texts have 
recently been published on this last topic, so that 
the scant treatment of this book is rather summary 
dismissal. The mechanisms of recombination, as 
distinct from the phenomenology of recombination 
centers and capture cross-sections and the like, 
might also feel somewhat slighted by the briefness 
of their appearance. 

After a general chapter on methods of deter- 
mining semiconductor parameters, Dr. SMITH 
discusses in turn the present status of knowledge 
of germanium, silicon, diamond and gray tin; 
selenium, tellurium and boron; the Group III-V 
semiconductors, like InSb; Group I-V, II-IV, 
II-V semiconductors; the lead “‘salts’’; the CdS 
series; and other more esoteric members of the 
species. The final chapter deals with the application 


needed 
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of semiconductors in rectifiers, transistors, photo- 
detectors, thermoelements, and the like, and runs 
to some fifty pages out of over four hundred. 

Dr. SmiTH remarks, in his preface, that some 
subjects had of necessity to be left out of his book. 
Thus it is easy to justify the absence of much 
reference to crystal purification techniques and 
transistor technology. The absence of an adequate 
discussion of the work on the surface properties 
of semiconductors and of the low mobility semi- 
conductors extensively studied in the Soviet 
Union is however regrettable. ‘The tunnel diode is, 
of course, not treated, simply because, although 
Esaki’s work was published, its importance had 
not been recognized at the time the book was 
written: an example, surely, of the difficulties 
facing an author in a fast moving field. Another 
example is the omission of references to the 
identification of impurity centers using electron 
spin resonance. 

The latter criticisms are not important for the 
immediate usefulness of this book, but will ob- 
viously affect its topicality in a few years time. 
The treatment of the first ten chapters is such that 
it may be expected to remain useful for some time 
to come; the relegation of discussion of the pro- 
perties of specific semiconductors to the later 
chapters means that they alone will become out 
of date. 

In summary, this reader feels that Semiconductors 
will prove a most useful text for senior (honour) 
year and first year graduate students in physics; 
for those physicists in industry or government 
who may never have had a formal course in semi- 
conductor physics, or who require a comprehensive 
review of the subject; and for electronic engineers 
with some background in elementary quantum 
mechanics who desire to establish a foundation of 
knowledge of the physical processes underlying 
the operation of semiconductor devices. 


WILLIAM PAvUL 





W. L. Jotty: Synthetic Inorganic Chemistry. 
Prentice-Hall Inc., New Jersey, 1960. 196 pp., $8.00. 


THis sHorRT book, comprising some sixteen 
chapters, represents an important contribution to 
the teaching of inorganic chemistry. The first 
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five chapters, with their discussions of such sub- 
jects as searching the literature and the principles 
underlying various inorganic reactions, are in- 
tended as an introduction to the remainder of the 
book. Chapter 6 outlines a laboratory course 
taught to undergraduates at the University of 
California, while Chapters 7 through 15 describe 
a series of special experimental techniques, e.g. 
use of an electric discharge, use of high-pressure 
apparatus, vacuum manipulation, and the inert 
atmosphere box. Chapter 16 provides a detailed 
account of eighteen syntheses designed to em- 
phasize the theoretical principles and laboratory 
techniques mentioned earlier. 

In the opinion of this reviewer, Chapters 7 
through 15 form the most valuable part of the 
book, representing the best single source of in- 
formation on the techniques required for preparing 
inorganic compounds having some real signific- 
ance. In a series of clear, concise chapters the 
author introduces the student to nine special 
techniques and the ancillary equipment necessary 
for their use. The value of each of these chapters 
is still further increased by the inclusion of a useful 
bibliography designed to lead the reader to more 
detailed sources of information. Experts will have 
little justification for advancing any wide criticism 
of this part of the book, although there are a few 
places where the text could be improved. Thus in 
Chapter 10, The Vacuum Line, the stopcocks 
described are rather more complicated and, there- 
fore, more expensive than necessary, and there are 
better designs for mercury float valves than those 
suggested. 

The publisher described Synthetic Inorganic 
Chemistry as being both a theoretical and opera- 
tional text and not merely a cookbook or a book 
on techniques. These are certainly admirable ob- 
jectives, but in this reviewer’s opinion an adequate 
theoretical background is not provided, nor could 
it be provided in a book of this size. In Chapters 1 
through 5 the author has covered too much material 
too rapidly, so that a student has to refer to other 
sources of information if he is to obtain anything 
like a reasonable knowledge of the formation and 
nature of the substances described later in the 
book. Chapter 2 in part contains a summary of the 
thermodynamic and the kinetic considerations 
involved in synthesis, but the treatment given is 
at the level of a freshman general chemistry course. 
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For example, the effect of temperature and 
pressure on the reversible reaction 


No + 3H) — 2NH 3g) 


is discussed. In Chapter 4 the chemistry of metal 
coordination compounds is reviewed in about nine 
pages, within which the reader is presented with a 
rather sophisticated explanation of the trans-effect, 
but in which the author omits any reference to the 


more generally important ligand field theory. It 
may be argued that wherever theoretical prin- 
ciples are discussed many references to both books 


and journals are given, so that a student can, if 
sufficiently stimulated, readily undertake supple- 
mentary reading. However, certain important 
references both to books and to journal articles 
are conspicuous by their absence. Thus the two 
review series, Progress in Inorganic Chemistry, and 
Advances in Chemistry and Radio- 
chemistry are not mentioned under the list of 
general reference books on page 11. One example 
of the omission of important journal references 


Inorganic 


occurs under discussion of the use of LiAlH, to 
prepare metal hydrides (page 50). Preparation of 
GeHy, from GeCly using LiAlH, affords poor 
yields of the desired germane (see Suyisui S. and 
Kertu J. N., J. Amer. Chem. Soc. 80, 4138 (1958); 
and MackLeN E. D., J. Chem. Soc. 1984 (1959)). A 
better example of the use of LiAlH, to prepare a 
hydride of a Group IV element would have been 
the synthesis of stannane from SnCly, which pro- 
ceeds in high yield so long as a trace of oxygen is 
present (EmeLbus H. J. and Kerrie S. F. A., 
J. Chem. Soc. 2444 (1958)). 

More minor criticisms of the book include such 
matters as the omission of molecular weight de- 
termination under the list (page 55) of macro- 
scopic measurements which establish structure 
type, and perhaps an over-emphasis on the 
question of nomenclature. While most practising 
chemists would agree that the substance of com- 
position CuCl should be called copper (I) chloride, 
in view of common usage over a number of years 
it would call LiAIHy lithium 
aluminum hydride rather than lithium 
aluminate. The problem of boron nomenclature, 


appear best to 


hydro- 


at present under review, is even more difficult, 
with the result that in the book we find such com- 
plex names as ammonium p-amidohexahydrodi- 


borate(1-) for the substance NH4(H3B:NHe2:BHs). 


REVIEWS 


This would seem to be burdening the reader with 
excessive detail, in this case especially because of 
recent studies favoring a different structure for 
this substance. At present it may be best to refer 
to many boron compounds by formula, or by a 
trivial name, if such has developed by common 
usage. 

The above remarks notwithstanding, this book 
will be extremely useful to all students of inorganic 
chemistry. 

F. G. A. STONE 





Photochemistry in the Liquid and Solid States. 
Edited by L. J. Herr, R. S. Livincston, E. RABIN- 
OWITCH and F. Danrexs. John Wiley, New York, 1960. 
174 pp. $6. 


Tue remarkable manner in which nature is able 
to convert solar energy into chemical energy for 
the purpose of supporting life on this planet poses 
a constant challenge to man. Is it possible to devise 
other photochemical systems which, like photo- 
synthesis, might store solar energy and release it 
upon demand at some later time to do useful 
work? In an attempt to answer this question, the 
National Academy of Sciences—National Research 
Council sponsored a symposium in 1957 at which 
ideas on this subject might be exchanged. This 
book consists of twenty-four papers presented at 
this symposium, covering such topics as the prim- 
ary photophysical acts of excitation and energy 
transfer, the secondary photochemical processes 
of free radical production and the associated 
kinetics, and photoprocesses occurring in crystals 
and semiconductors. Gaseous systems were ex- 
cluded from the discussions because of the large 
volumes required when energy storage is con- 
sidered. Similarly, although photosynthesis is 
still the only example of the successful photo- 
chemical storage of energy, this topic was not 
specifically included as such because of its more 
than adequate coverage in other symposia. 

A condensed listing of chapters follows: 
Chapter I, Introduction; Chapter II, Photo- 
chemical Reactions; Chapter III, Photosensitized 
Reactions; Chapter IV, Fluorescence; Chapter 
V, Kinetics; Chapter VI, Role of Triplet State; 
Chapter VII, Photochemical Reactions Involving 
Chlorophyll; Chapter VIII, Photoreactions in 
Solids; Chapter IX, Conclusions. Because there 
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are aS many authors as there are papers, there is 
some unavoidable repetition and a certain un- 
evenness in presentation, but this has been kept 
to a minimum by a judicious arrangement of the 
material. The presentation is considerably en- 
hanced by a clearly written and succinct intro- 
duction by the editors in which the general 
subject is put in proper perspective and the major 
outlines of the field emphasized. This introductory 
chapter includes some criteria applicable to the 
selection of suitable photochemical reactions to 
utilize solar energy, a survey of known reactions, 
and a consideration of future possibilities. A con- 
cluding chapter by Professor Dantets ably 
summarizes the results of the symposium. In his 
words, “‘... there is no easy solution just around 
the corner. However, there is no evidence that 
such storage of solar energy is impossible. Much 
more research is needed.”’ 

One of the more fascinating aspects of the field 
of photochemistry is the way in which it brings 
the different sciences together. Not so very long 
ago, physics, chemistry, and biology were entirely 
separate disciplines. Indeed, the field of chemistry 
itself was rather sharply sub-divided, and a pro- 


fessor of physical chemistry and a professor of 


biochemistry in the same university had little or 
no contact with one another except at an occasional 
faculty meeting. Today, what was once a rather 
sharp boundary between the physical sciences and 
the life sciences has become quite diffuse. Nowhere 
is this better illustrated than in the field of photo- 
chemistry. The enthusiastic application of solid 
state terminology and concepts to the problem 
of energy transfer mechanisms in_ biological 
systems is but one example of this trend. In re- 
flecting this blending of ideas, this book illustrates 
the extent and usefulness of the combined 
physical-chemical—biological approach in modern 
photochemical studies. 

It is regrettable that a report on Professor 
Heipt’s work on the photolysis of aqueous in- 
organic solutions was not included in what is 
otherwise a comprehensive look at current 
research in the field of photochemical utilization 
of solar energy. Only one error was noted: on 
page 23 the methyl free radical is shown as being 
formed by direct photochemical dissociation of 
ammonia. The book is attractively bound and 
clearly printed. It is recommended not only to 
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those who are active workers in this field, but also 
to the non-specialist; the mental effort required 
to follow some of the detailed kinetic schemes and 
tables of experimental data will be amply repaid 
by the and stimulating ideas 


presented, 


provocative 


V. J. LINNENBOM 





ANDREWS: Optics of the Electromagnetic 


Ci Ee 
Prentice-Hall, New Jersey, 1960. 501 pp. 


Spectrum. 
$9.00. 


THIS BOOK is a new text at the intermediate level 
in which the optics of electromagnetic radiation is 
presented in a relatively unified manner. Starting 
with an introductory chapter in which various 
forms of electromagnetic radiation are described 
and their measurement and production discussed, 
the usual sequence of topics is followed in success- 
ive chapters: wave propagation and superposition 
of waves, the velocity of light, various forms of 
interference of multiple sources, diffraction 
phenomena, electromagnetic theory of dispersion 
and absorption, and finally polarization phenomena 
including crystal optics and topics such as optical 
activity. Several innovations distinguish this book 
from similar texts in physical optics. For one thing, 
simple illustrations based upon microwaves are 
introduced to reinforce the classic demonstrations 
of multiple-slit interference and of diffraction 
of visible-light waves. Microwave applications are 
likewise discussed in the chapters on polarization 
phenomena. For the most part these microwave 


experiments are of such nature that they can be 
readily performed using relatively unsophisticated 
lecture demonstration equipment. This book is 
thus a convenient source of rather nice optics 
demonstrations based upon inexpensive com- 
mercially available 2450 megacycle oscillators and 


detectors. 

As a second, rather interesting, change from 
the pattern of similar texts Dr. ANDREWS devotes 
a chapter to a detailed description of the over-all 
diffraction properties of apertures in plane screens. 
The development is based upon a theory ascribed 
to Thomas Young in which the total wave is the 
superposition of the geometrically shadowed in- 
cident beam and a diffracted wave reradiated from 
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points along the periphery of the aperture. To 
describe the dependence of the diffracted wave 
upon the incident wave a semi-empirical 
formula is used. This formula is based upon a series 
of microwave measurements made by the author. 
From it follow a number of approximate results 
for the field in the plane of various apertures, as 
well as the results normally obtained from the 
Huygens-Kirchhoff theory at large distances 
from this plane. Although this alternative approach 
to diffraction theory is as interesting as it is novel 
to the teaching of optics, I think it has received 
excessive emphasis for a general text at this level. 
Moreover it would perhaps have been desirable 
to mention somewhere, in an otherwise heavily 
footnoted chapter, the classic calculation of 
Sommerfeld for the diffraction by a conducting 
half plane. 

The author’s attempt to unify the discussion 
of the optics of the electromagnetic spectrum has 
not been entirely successful, and the reader 


occasionally finds himself with the impression that 


the various topics in microwave and visual optics 
have been merely interleaved rather than dissolved 
into a common solution, This difficulty is perhaps 
due to the fact that the difference in scale of the 
two forms of radiation lead to many very real 
differences in their experimental manifestations. 
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For example the waveguide, which is a funda- 
mental element for the student of microwaves, 
has had no analog for visual radiation until the 
very recent developments in fiber optics. On the 
other hand ten-thousand line diffraction gratings 
are at the moment impractical microwave devices. 
In spite of these intrinsic difficulties, however, I 
think the author could have achieved a smoother 
unification of his subject. In addition, somewhat 
greater discussion might have been devoted to the 
radiation process itself in which, after all, the 
common origin of various forms of electromagnetic 
radiation can be so well illustrated. A more ex- 
tensive treatment of special relativity might also 
have been appropriate. 

As a course text I think that this book would be 
suitable for students of applied physics who have 
already a fair competence in electromagnetic 
theory and who wish to survey physical optics in 
a relatively superficial manner. 

On the other hand students of physics and 
engineering desiring to establish a firm foundation 
of knowledge relevant to the “Optics of the 
Electromagnetic Spectrum’”’ are well advised to 
study a text having a more thorough and more 
profound treatment than that of the book under 
review. 

R. H. MILBURN 








